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NOMENCLATURE

a = Shifted exponential distribution, lower limit value (see Table 6.4).

C - An empirical constant (the intercept of the S-N curve at S=I).

D - Cumulative damage ratio.

E(Sm) = mth moment of S or expected value of Sm

= smfs(s)ds"

min  inimum stress in a stress cycle.

Fmax  Maximum stress in a stress cycle.
FR  Fatigue stress range at stress ratiaxR.

F = Fatigue stress range for a stress ratio of zero.

fs(s) = Probability density function of S.

Fs(s) = Cumulative distribution function of S

= P(S s s) for all s

= fs fs(x)dx.

h(n) = The hazard function, the risk of failure on nth load.

K = Slope of a constant-life straight line on a constant-life fatigue
diagram (see Fig. 4.1), or the negative slope of an S-N curve.

k = The Weibull scale or shape parameter.

L(n) = Reliability function through a given number of loading cycles.

m = Exponent of SN relationship.

= -

m =The negative slope of an S-N curve. (Equal to K)

= Mean fatigue life.

Pf(n) = Probability of failure at a given life.

P(X) = Probability of event X.

q = Beta distribution shape parameter (see Table 6.4).
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Qs(s) - Exceedance function of S

. P(S t s) for all s

- 1 - Fs(s).

r = Beta distribution shape parameter (see Table 6.4).

R = Stress ratio or ratio of mn
Fmax

RF = Reliability factor = 1-1/m
R F L

S = Random variable: stress range.

s = Stress parameter (tension, compression, bending).

S c = Applied constant amplitude stress range.

Schar = Characteristic stress range for a particular loading distribution.

SD  = Constant-cycle design stress range for a useful life n and a
specified reliability L(n).

= Beta distribution upper limit value (see Table 6.4).

5RMS = Root mean square value of S (see Table 6.4).

SIO-8 = The value of S at which the probability of exceedance is 10-8 .

w = The characteristic life, or Weibull distribution parameter.

a = Shifted exponential distribution parameter
(see Table 7.4) ( a =

r = The gamma function.

YL = Fatigue life factor, or scatter factor.

Af = Possible error in fatigue model.

6f = Coefficient of variation in fatigue life.

6n  = Coefficient of variation in fatigue life.

6S  = Coefficient of variation of S.

C a Minimum Life.

- Lognormal distribution parameter (see Table 6.4).

A - Lognormal distribution parameter (see Table 6.4).
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Xe = Mean value of exponential and shifted exponential distributions

(see Table 6.4).

PS = Mean value of S (see Table 6.4).

C = Random load factor.

an  = The standard deviation in fatigue life.

as  = Standard deviation of S (see Table 6.4).

Rc  = Uncertainty in the mean intercept of the S-N regression line.

2n  = Total uncertainty in fatigue life.

Qs -Total uncertainty in mean stress range.
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FATIGUE CHARACTERIZATION OF FABRICATED SHIP DETAILS FOR DESIGN

1. INTRODUCTION

1.1 Fatigue in Welded Ship Design

Fatigue cracking in ships has for many years been responsible for
much costly ship repair work. In fact, as noted by Vedeler (Ref. l.l)*,
shipbuilders in Norway and Sweden considered the problem of fatigue in
ships to be of more practical importance for ordinary ships than the ques-
tion of brittle fracture. Such cracking has been found in the forepeak
region, bottom amidships, at the bulwark at both ends of the bridge, at
hatch corners, and in hulls at crossings of frames, longitudinals and girders
(1.1, 1.2, 1.3, 1.4 and 1.5). Since cracks can be possible points of initia-
tion for catastrophic failures, it is essential that fatigue be given
detailed consideration in the design of a ship structure. The designs
should be based on design criteria that take into account the latest infor-
mation on loadings, reliability criteria and fatigue behavior (1.6).

Most current fatigue design criteria for welded structures are based
on constant-cycle laboratory fatigue data that have been obtained over the
last fifty years or so. However, the loadings used in these laboratory
studies differ greatly from the "real" loadings to which the structures are
subjected. For more effective fatigue design, more realistic loadings should
be used.

Recently, considerable attention has been given to the accumulation of
stress history spectra for such ships as dry cargo, large tanker and bulk
carriers. Since these more realistic loading data are becoming available
for ships, it is now possible to develop fatigue design criteria for ship
structures based on these "real" loadings. In addition, the reliability
concepts that have been developed in recent years (1.5) can be used in the
design criteria to provide for more effective and better justified designs.

1.2 Objective and Scope of Investigation

The objectives of the program are to (a) establish procedures for
selecting and evaluating fabricated ship details that are subjected to
cyclic loading and (b) establish recommendations and procedures for fatigue
design of fabricated ship details.

The program achieves these objectives by assembling fatigue resistance
information for structural details, assembling or developing histograms or

*References are listed at the end of each chapter.



loading functions representing "real" ship histories, and using probabilistic
concepts to develop structural reliability bases for fatigue design in ships.
The results are design criteria and procedures which make possible the design
of ship structure details where fatigue cracking can be minimized.

The ship details included in the investigation are representative of
current ship design and shipyard practice, and others can be added as needed.
References 1.3 and 1.4 list more than 634 ship structural details currently
found in ship construction. These details form the basis for this study.
Although fatigue tests have not been conducted on all the details, the fatigue
behavior of most can be related directly or indirectly to geometries that have
been tested.

The identification of the states of stress to which ship details are
subjected and the development of representative density functions (mathema-
tical models) to represent "real" ship loading histories are important in
developing fatigue design criteria. With such information and using fatigue
data from the literature, the desired fatigue design criteria for fabricated
ship details can be developed.

To accomplish the above objectives, the study has included the following:

I: A literature survey. A survey covering (a) the fatigue behavior
of welded details, (b) ship structural details, (c) ship loading
histories, (d) reliability criteria for fatigue and (e) fatigue
design criteria.

II: An evaluation of current fatigue criteria. An evaluation of current
fatigue design criteria and the various factors affecting them.

III: A classification of fabricated ship details and a summary of their
fatigue behavior. An evaluation of welded ship details to estab-
lish a fatigue classification system for them.

IV: The identification of welded ship details for which fatigue data
are known, those for which only limited data are available and
those for which data are lacking.

V: Development of fatigue design criteria for ship details: these
criteria provide for the level of reliability, the uncertainty in
the variables that affect the fatigue behavior and the loading
history.

VI: Laboratory fatigue tests on details for which fatigue data are
lacking.

The results of these various studies are presented in the following
sections and appendices. The initial sections provide a summary discussion
of the principal factors affecting fatigue, the basic fatigue relationships,
the fatigue resistance of structural details and a review of current fatigue
design criteria. The development of a catalog of ship structural details is
presented in Section 5, and the mathematical models representing ship loading
histories are presented in Section 6. The principal result of the investiga-
tion, the development of fatigue design criteria for ship structural details,
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is presented in Section 7, along with examples of the manner in which such
criteria can be applied in design. Detailed fatigue data and the results of
the laboratory studies are presented in the Appendices.

1.3 References

1.1 Vedeler, G. "To What Extent Do Brittle Fracture and Fatigue
Interest Shipbuilders Today," Houdremont Lecture 1962,
Sveiseteknikk, 1962, No. 3.

1.2 Glasfeld, R., Jordan, D., Ken, H., Jr. and Zoller, D. "Review
of Ship Structure Details," SSC-266, 1977.

1.3 Jordan, C. R. and Cochran, C. S. "In-Service Performance of
Structural Details, " SSC-272, 1978.

1.4 Jordan, C. R. and Knight, L. T. "Further Survey of In-Service
Performance of Structural Details," SSC-294, 1980.

1.5 Kjellander, S. L. "Hull Damages on Large Swedish-Built Ships,"
Styrelsen fdr teknisk trveckling, Report No. 70-1272/u 981,
Stockholm, Sweden, December 1972.

1.6 ASCE. "Safety and Reliability of Metal Structures," Proceedings,
ASCE Specialty Conference, November 1972.
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2. STRUCTURA L F ATI GUE

2.1 Laboratory Studies

During the last 50 years, thousands of laboratory fatigue studies have
been conducted on weldments and numerous papers, conferences or seminar
proceedings, and books have provided detailed fatigue data for such weldments
(2.1 - 2.9).

One of the principal objectives of this research has been to assemble
basic fatigue test data from the literature for the development of fatigue
design criteria for ship structures. However, because of the many variables
and the large degree of scatter in such data, empirical relationships have
been developed for use in design rather than the actual data.

In recent years crack growth studies have led to a more complete under-
standing of the mechanics of fatigue in welded structures and to the develop-
ment of design criteria based on such theories. However, more must be done
and more complete theories developed before adequate relationships can be
developed for effective and complete fatigue design based on fracture
mechanics.

Laboratory investigations have demonstrated that numerous factors affect
the fatigue behavior of welds and weidments, factors that can be separated
into three general categories:

(1) The geometry of the member or detail: this includes both the
general configuration and the local geometry of the member.

(2) The stresses or loading conditions to which the member or detail
is subjected: these include constant amplitude cyclic loads,
residual stresses, random loading, frequency of loading, etc.

(3) The materials from which the members are fabricated: for struc-
tural purpose the steels generally have yield strengths ranging
from 30 to 100 ksi (207 to 689 M Pa).

2.2 Principal Fatigue Factors

Geometry. Welding is a very effective process and versatile tool that
can be used to produce continuity in the joints and members of a welded
structure. However, because of the way in which such members are joined,
discontinuities in geometry result and produce stress concentrations that
cause increased local stresses when loads are applied. These stress concen-
trations can result from the general configuration of the members, the local
configuration of the weld details, angular distortions or misalignment
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introduced in design or fabrication, and discontinuities that may occur
within the welds (such as porosity, slag inclusions, lack of fusion, lack of
penetration, and/or crack s)

An example of the effect of the general configuration of two members is
shown in Fig. 2.1. Here the fatigue resistances of the members shown differ
by a factor of more than two-and-a-half. Similarly, the addition of a partial
length cover or doubler plate to a rolled I-beam can be expected to reduce the
flexural fatigue resistance of the beam by a factor of about three-and-a-half.
These are extreme examples, but clearly demionstrate the important role played
by the configuration and welded details of the members.

The importance of the local geometry of weldments can be demonstrated
by examining in more detail the fatigue resistance at 2,000,000 cycles of a
butt welded splice of the type shown in Fig. 2.1a. The introduction of the
butt weld reduces the fatigue resistance of the basic plate to about 56 per-
cent of the plate's basic fatigue resistance. The specific magnitude of this
reduction depends upon the local configuration or geometry of the weld, the
type of steel and a variety of other factors (2.10). Nevertheless, it is
clear that the weld and its local geometry have a marked effect on the fatigue
behavior of the member.

The fatigue effect of weld geometry has been studied in several investi-
gations in terms of various geometric weld parameters (2.10 - 2.13). These
parameters: the radius at the toe of a weld, the angle the reinforcement
makes with the surface of a member, the height of the weld reinforcement and
the width of the weld reinforcement, are the factors that determine the local
stresses at the top of a weld and control the fatigue resistance of the mem-
ber; however, the effect of each of these factors can vary considerably.
The effects of these parameters vary also with the magnitude and type of
loading to which the member is subjected: at longer lives (on the order of
1,000,000 to 2,000,000 cycles) the effect of the external geometry of the
weld may not be as significant as at the shorter lives (on the order of
10,000 to 50,000 cycles) (2.14).

The third type of geometric parameter that may affect the behavior of
a welded joint is the internal weld geometry (internal discontinuities).
Internal weld discontinuities may have a greater effect at long lives than
at short lives (2.14). This is just the opposite of what has been observed
in the case of the external weld geometry.

Small amounts of porosity generally appear to have a relatively minor
effect on the fatigue resistance of a sound weld (2.15); however, large clus-
ters can produce a significant reduction in fatigue strength. Two of the
more severe internal discontinu:,'As in transverse butt welded joints are a
lack of fusion or a lack of penetration (2.16). Such defects can reduce the
fatigue strength of a joint with internal discontinuities to but a fraction
of the fatigue strength of a sound joint. Clearly, internal weld defects can
have a significant effect upon the fatigue resistance of a weld. Since the
weld quality is a function of the skill and reliability of the welder, he
too plays an important role in establishing the quality and resulting fatigue
resistance of a weld.

5
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Stresses. Numerou.s tests have been made to evaluate the effects of stress
cycles on the fatigue of welds and welded members. However, to define all of
the effects of the stress parameters is extremely difficult because of the many
interrelated variables that affect a weldment's fatigue behavior. Nevertheless,
there are a number of general observations that can be made concerning the
effects of the stresses and stress cycles.

Because of the limited capabilities of much of the testing equipment
used to conduct fatigue tests, most studies have been conducted under simple
constant amplitude cyclic conditions. Nevertheless, by conducting tests at
various stress ratios and stress levels, various types of fatigue diagrams can
be developed to portray or define a general picture of fatigue behavior. The
basic diagram is the familiar S-N curve that relates the life of a member to
the maximum stress or range of stress to which a given type of test member
is subjected. On a log-log basis, such data can generally be represented by
a straight line (for what is considered long-life fatigue--lives between about
50,000 and 2,000,000 cycles). (See Fig. 2.2)

A second type of fatigue diagram often used to portray fatigue behavior
is shown in Fig. 2.3. The principal axes in this diagram are the minimum and
maximum stress, the axes at forty-five degrees are the range of stress
and the mean stress, and the radial lines indicate lines of constant stress ratio
(ratio of minimum to maximum stress). The curves in the figure are used to
indicate the constant-life (n, n2 or n3) fatigue behavior of a given type of
member. Thus, this multi-axis diagram can be used to indicate the relation-
ships between life and the various stress parameters noted above. Furthermore,
the constant-life curves in such diagrams, because they are nearly linear over
much of their range, are often approximated by straight lines and used for the
development of relatively simple design relationships.

For members that contain severe geometrical stress concentrations, the
fatigue diagram constant-life curves, particularly for long lives, tend to be
low and almost parallel to the mean stress axis, thereby indicating that the
fatigue resistance is primarily a function of the alternating stress or stress
range. However, for some members and details (generally those with higher
fatigue strengths), and for shorter lives, there will be an effect of mean
stress on the fatigue behavior: the stress range will increase somewhat as the
mean stress is decreased, particularly for a reversal of stress. The comnpres-
sive stresses do not do as much fatigue damage as the tensile stresses and
thus reversals are not as damaging as pulsating tensile stresses. Nevertheless,
from the laboratory test results it is apparent that the stress range is the
overwhelmingly dominant factor controlling the fatigue life of welds and weld-
ments.

In many studies the fatigue data for all stress ratios have been com-
bined in terms of stress range alone. It must be rememb~ered, howvever, that
when this is done, the degree of scatter in the data will be greater than that
observed for a single stress ratio (the ratio of minimum to maximum stress)
and the extent of bias in the data will depend upon the nunter of tests con-
ducted at each stress ratio as well as the magnitudes of the stress ratios.
Nevertheless, the use of a constant stress range for the development of de-
sign criteria, as will be discussed later, makes possible the establishment
of greatly simplified design relationships and design procedures.

7
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Residual stresses should also be considered. Some studies have shown
that residual stresses produced in welding or subsequent to welding may signi-
ficantly alter the life of a member. Other studies have shown little or no
effect. For example, in one recent investigation, the residual stresses asso-
ciated with periodic overloads were found to provide a significant increase in
the fatigue life of a weldment (2.17). In another study (2.18), the importance
of the magnitude and type of residual stress is examined and suggests that the
effects depend upon the relationship between the residual and applied stresses.
Under relatively high applied tensile stresses (short lives) the effects of
tensile residual stresses can be quickly relaxed and the effects of the residual
stresses become relatively small, whereas at long lives and lower applied
stresses the effects become much more significant (2.19).

Another important aspect of the loading or stress cycle question concerns
the effects of variable or random loadings. In recent years, as a result of
the availability of more versatile testing equipment, increased consideration
has been given to the effects of variable or random loadings. The large and
important effect of variations in loading on the fatigue behavior of one type
of weidment can be seen in Fig. 2.4. When a systematic overload or a system-
atic variation in the loadings is provided, the resulting changes in the
residual stresses caused by the loading may produce beneficial effects (increased
life) on the behavior (2.17). However, when the variation in amplitude of
applied load is provided in a random manner, the effects of resulting residual
stresses appear to be greatly diminished or nonexistent.

The above discussion briefly summrarizes the effects of some of the prin-
cipal stress parameters involved in fatigue. Other stress factors that may
affect the fatigue behavior, but to a lesser extent, include frequency of
loading, the sequence in which variable loadings are applied, the possibility
of extended rest periods between applications of loading, the applications of
stresses of such a magnitude that creep may occur, etc.

Material. Fatigue tests of plain steel members, as well as tests of
structural welds and weldments, have been conducted on structural steels having
tensile strengths ranging from approximately 60 ksi to 120 ksi (414 to 827 M Pa).
Based on the results of many such tests, structural fatigue design provisions
for these materials and members have been developed on the basis of stress
range for the various types of structural steel. In general the same fatigue
design criteria are used for all of the steels, regardless of their strength.
This is done because repeated loadings and stress concentrations tend to equalize
the fatigue strength of members of the various steels. Neglecting the effect
of type of steel greatly simplifies the design criteria, but again tends to
produce an increase in the degree of scatter in the stress range data. For a
given type of member the stress range scatter from all steels is always greater
than that for one structural steel.

2.3 fatigue S-N Relationships

The fatigue behavior of various types of members and details in struc-
tural steels has generally been evaluated in constant-cycle fatigue tests and
the results presented in terms of the nominal applied stresses and the number
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of cycles of loading that produce failure. The resulting S-N diagrams are
generally presented as straight lines on a log-log basis as shown in Fig. 2.2,
and can be represented by,

C (2.1)

or log n log C -mlog S (2.2)

where, ni = mean fatigue life

C = an empirical constant (the intercept of the S-N curve at S =1)

S =stress parameter (tension, compression, bending)
I1 the negative slope of the S-N curve
m

Thus, the fatigue strength can be computed over the range of lives covered by
the sloping straight lined S-N curve for any selected number of cycles, if the
slope of the line and one point on the line are known. However, only one type
of stress cycle and one detail are represented on an individual S-N diagram.
In general, a least-squares analysis of log n given S is used to establish the
S-N curve.

If the data are analyzed in terms of the maximum stress in a stress
cycle, S-N curves for a variety of stress cycles would be required to pro-
vide constant life diagrams of the type shown in Fig. 2.3. However, if
the effects of mean stress are neglected (data are presented in terms
of stress range alone), the constant-life curves of Fig. 2.3 are parallel
to the mrean-stress axis and a single stress range versus life curve can
be used for all stress ratios (stress ratio is the ratio of minimum stress
to the maximum stress in a stress cycle). Even with this simplification
for design, it is still desirable to have constant-life relationships
for each detail. With such relationships, fatigue design criteria and
design relationships can readily be developed for structures that are
subjected to cyclic loadings.
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3. FATIGUE BEHAVIOR OF WELDED DETAILS

The fatigue behavior of various types of welds and weldrnents has been
discussed in detail in books by tlunse (3.1) and Gurney (3.2), and the actual
data presented in numerous technical papers and reports. Much of the detailed
test information has been summiarized and placed in a Fatigue Data Bank (3.3)
currently in use at the University of Illinois. It is this data bank
has been used in this investigation to provide the basic fatigue strengths
of welds, welded details and welded members.

As indicated in Section 2, the fatigue behavior of a structural detail
is a function of a variety of factors. Some of these factors have relatively
little effect and can be neglected in design, while others have a significant
effect and should be included in the design process. The gaometry of a member
or detail is of major importance and has a significant effect on its resistance.
Thus, the classification of members serves to separate them on the basis of
their geometry and fatigue resistance and makes possible the establishment of
the mean fatigue resistance of each of the different types of members.

3.1 Mean Fatigue Resistance - Fatigue Details

The laboratory studies used to establish the fatigue resistance of many
types of structural members and details have been conducted over a period of
more than 50 years. Although conducted many years ago, the early fatigue test
results appear to be in excellent agreement with the results of more recent
tests using the latest welding techniques and, consequently all of the data
are suitable for fatigue evaluations.

In a recent investigation conducted at the University of Illinois for the
Association of American Railroads and the Department of Transportation*, the
University of Illinois' Fatigue Data Bank was used to provide values of the
mean fatigue strength for many different types of structural details. Sketches
of many of the details included in this AAR study and in an AISC design speci-
fication (3.4) are shown in Fig. 3.1 and are identified by individual fatigue
detail numbers. An earlier summnary of the mean fatigue stress range for these

* details is given in Table 3.1.

In the AAR investigation, mean S-N curves, based on stress range, were
established using a least-squares, best fit, straight line evaluation of the data.
These relationships will provide the basic fatigue resistance in the design
procedure to be developed for ship structure details. Of great value in this

* approach is the fact that, in the future, as new or adjusted data and/or details
become available, these mean stress range values can be readily updated and

*Determination of Basic Material Properties for use in Freight Car
Fatigue Analysis," (Contract U.S. AAR-SBC 2.5/DOT FR64228).
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TABLE 3.1

Mean Fatigue Stress Range for Local Fatigue Details in Figure 3.1 (3.5)
(Constant Cycle - 0.50 Reliability)

(Based on Equation 2.2 - No Fatigue Limit Specified)

Detail No Stress Range, ksi, for n Cycles

Se i.31n =105  n =106  n =107  n = 108

1 48.8 38.6 30.5 24.0

2 50.0 35.0 24.6 17.2

3 43.0 28.3 18.7 12.3

4 58.5 25.3 11.0 4.75

5 24.2 11.7 5.7 2.73

6 58.5 25.3 11.0 4.75

7 40.0 20.7 10.7 5.56

8 56.1 41.5 30.7 22.7

9 31.8 23.3 17.1 12.6

9(S) 42.8 31.4 23.0 16.9

10 46.0 23.3 11.8 5.99

11 42.2 23.2 12.7 7.00

12 42.4 19.1 8.64 3.90

13 43.1 25.9 15.6 9.37

14 37.0 18.9 9.68 4.95

15 26.0 13.4 6.91 3.57

16 36.9 19.9 10.7 5.77

17 27.4 14.0 7.15 3.66

18 20.0 7.93 3.14 1.25
19 28.7 19.6 13.3 9.09

19(S) 28.7 19.6 13.3 9.09

20 40.3 19.0 8.93 4.20

20(S) 19.5 11.76 7.10 4.28

21 42.2 29.9 21.2 15.0

22 45.2 19.4 8.29 3.55

23 35.7 17.6 8.64 4.25

24 35.7 17.6 8.74 4.25

25 48.4 19.5 7.82 3.14

26 27.4 14.8 8.01 4.33

27 22.3 13.58 8.28 5.05

27(S) 22.6 13.63 8.16 4.88

(S) indicates shear stress on fasteners or welds.
15



new values readily introduced, thereby providing a design based on the best
available data.

One of the factors that should be introduced at an early date is the
effect of corrosion from the sea or shipboard atmosphere. The data used to
date to provide the basic fatigue resistances are for tests conducted in the
research laboratory atmosphere.

3.2 Effect of Mean Stress

An examination of the results of the fatigue tests of various types of
welded details and joints under stress cycles ranging from reversals (mean
stress equal to zero) to pulsating tension (high values of mean stress) has
given an indication of the effect of mean stress that can be expected in
fatigue (see Fig. 3.2). Although there is considerable variation in the
slopes of the curves, it is evident that, with few exceptions, the range of
stress for failure increases slightly when there is a reversal of stress ind
decreases somewhat when the minimum stress is greater than zero (a positive
stress ratio).

Under a stress cycle of complete reversal (R=-l) (as shown in Fig. 3.2),
the average stress range for failure is approximately 25 percent greater than
it is for a cycle of zero-to-tension (R= O) (there are only two marked excep-
tions in the diagram). For a stress cycle of half-tension to tension (R=+ ),
the average stress range for failure is generally 15 to 20 percent greater
than it is for a cycle of zero-to-tension (R= 0). Based on these average
results of over 3,000 tests, an empirical adjustment of the following form
could be employed.

Stress ratio adjustment factor = (1 - 0.25R) (3.1)

Using Eqn. (3.1), the stress ranqe for failure at a given stress ratio
and in terms of the zero-to-tension stress range can then be written as,

FR = Fro(l - 0.25R) (3.2)

where, FR = fatigue stress range at a stress ratio, R.

Fro = fatigue stress range for a stress ratio of
zero (zero-to-tension stress cycle).

R = stress ratio, ratio of minimum to maximum
stress in a stress cycle.

For any given stress ratio and constant-cycle loading, based on Fig. 3.2,
Eqn. (3.2) can be expected to provide an estimated value of fatique strength
for any stress ratio if only the value for R = 0 is known. However, since both
the mean stress and the stress ratio may vary considerably during the life of
a structure such as a ship, the use of a constant range of stress (equivalent
to an average stress ratio adjustment factor equal to one) will probably be
more realistic and certainly easier to apply in design.

16
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3.3 Effects of Residual Stresses

As noted earlier, the effects of residual weld stresses in fatigue are
complex and difficult to take into account in any simple design procedure.
Gurney and Maddox (3.6), based on an analysis of the fatigue behavior obtained
in 15 tests (two limited series of tests at stress ratios of R = 0 and R
concluded that at 2X 106 cycles and for large structures, the fatigue strength
of fillet welded joints and transverse butt welded joints should be adjusted
by a factor of 0.815 to correct for residual stress effects that would exist
in such structures. This correction is made by rotating the S-N curves to
provide the adjustment. At short lives (higher stresses) there would be
little or no adjustment. However, nothing is suggested concerning the effects
to be expected under fully reversed loading, under flexural loadings, under
random loadings, for quenched and tempered steels versus mild structural
steels, or for other types of joints or members. The evaluation is very
limited and consequently should be used only for the specific conditions
tested.

In a study by Burk and Lawrence (3.7), the residual stress effect is
related to a mean stress effect. Furthermore, they observe that the residual
stresses can be relaxed by the application of levels of mean stress that pro-
duce local yielding. They also note that the material properties (tensile
yield strength) influence the effect of residual stresses on weld fatigue
li fe.

Because of the complexity of the residual weld stress effects in fatique
and since the effects may be small or nonexistent, many fatigue desiqn cri-
teria now neglect the effect in the same manner and on the same basis as is
used in neglecting the effects of mean stresses (see Sec. 3.2). Furthermore,
since the effects of residual stresses are already included in the fatigue
studies of some weldments, a design philosophy which neglects residual stresses
appears to be well justified.

3.4 Effect of Material

Numerous fatigue tests have been conducted on plates and on weldments
fabricated of structural steels having yield strength ranging from 30 to 100
ksi (207 to 689 M Pa); this makes possible an examination of the effect of the
type of steel on the fatigue resistance of the steels and of weldments in
these steels. In an evaluation based on the stress ranges for failure at 105
and 2 X 106 cycles, the steels have been grouped into three categories: mild
steel (M) of approximately 36 ksi (248 M Pa) yield strength, high strength low
alloy steel (H) of approximately 50 ksi (345 M Pa) yield strength, and quenched
and tempered steels (Q) of approximately 100 ksi (689 M Pa) yield strength.

Based on the results of 441 fatigue tests of plain plates of the steels
noted, the mean fatigue strength at 2,000,000 cycles is within 5.2 ksl (35.9
M Pa) of the mean fatigue strength for each of the steels considered separa-
tely (see Table 3 .2a). At 100,000 cycles the corresponding value is 23.2 ksi
(160 M Pa). By combining the three types of steels, since there were nearly
twice as many tests of the quenched and tempered steels as there were of either
of the other steels, the average values are biased towards the results from

18



TABLE 3.2

Fatigue Behavior of Various Steels

(a) Mean Fatigue Strength of Plain As-Rolled Plates Under Axial Loading (Based
on Stress Range).

n = 100,000 cycles n = 2,000,000 cycles
Type of Steel No. of F % of combined Fofcmie

Tests 100,000 2,000,000%ofcmie
ksi (M Pa) value ksi (M Pa) value

Mild Steel (M) 101 46.2 (319) 67 36.2 (250) 88

-iH.S.L.A. (H) 128 56.3 (388) 81 46.4 (320) 113

Q & T (Q) 212 80.6 (556) 116 45.3 (312) 110
Combined 441 69.4 (478) 100 41.2 (284) 100

(b) Mean Fatigue Strength of Transverse Butt Welded Joints Under Axial Loading
(Based on Stress Range).

n = 100,000 cycles n = 2,000,000 cycles
Type of Steel No. of Fofcmie Fofobnd

Tests 100,000 fcmie 2,000,000  %ofcmie
ksi (M Pa) value ksi (M Pa) value

Mild Steel (M) 857 34.1 (235) 94 23.0 (159) 86

H. S.L. A. (H) 387 43.2 (298) 119 34.2 (235) 128

Q & T (Q) 400 48.9 (337) 134 27.3 (188) 102
Comine *767 36.4 (251) 1026.7 (184) 100

*The combined values are only for single-V full penetration welds. Computer
capacity limited the number of tests to 1,000. The values for M, H, and Q
steels are for all types of full penetration welds.
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the higher strength steels. At 100,000 cycles, the mean fatigue resistanc,,
for the mild steel (46.2 ksi) is far below (about two-thirds) that of the
three steels combined (69.4 ksi): at 2,000,000 cycles the difference is muc~n
smaller. For this particular type of member and test (plain plate under axial
loading) it may be best to separate the steels in establishing the basic fatigue
data. However, seldom is the fatigue design of a member or structure based on
plain plate behavior. When structural details are introduced, as they
are in most structures, the differences generally become smaller. An indica-
tion of this can be seen in Table 3.2(b) where the mean fatigue strengths are
presented for 726 tests of single-V full penetration transverse butt welded
joints. When details that produce stress concentrations greater than that
in the transverse butt welded joints are introduced, the differences between
the steels become even smaller.

In view of the small magnitude of the differences generally obtained in
fatigue strengths of most welded members and details fabricated from the M-H-Q
range of structural steels, it is considered desirable to improve design sim-
plicity by disregarding, in most instances, the material factor in fatigue
design.

3.5 Evaluation of Variability in Fatigue Life

Another factor that will be taken into account in the fatigue design
criteria is the variability in the fatigue data. Members tested at a given
stress level will be found to fail at various lives, the distribution of which
is generally considered to follow a log-normal or Weibull distribution (see
Fig. 3.3). The measure of this variability is represented by a coefficient
of variation.

A n

where, 5 coefficient of variation in life.
n

a= the standard deviation in fatigue life.

n= mean fatigue life.

Values of the coefficients of variation have been assembled from the
Fatigue Data Bank at the University of Illinois for the fatigue details for
which there are fatigue data. A summnary of these values is plotted in Fig.
3.4. These values will be used in Section 7 to establish reliability for
fatigue design.
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4. FATIGUE DESIGN4

4.1 Current Fatigue Design Criteria

Labor.itory fatigue test results and constant-life fatigue diagrams
of the type in Fig. 4.1 provided the basic information on which many of
the early fatigue design relationships were developed. The 1947 edition
of the American Welding Society's Bridge Specifications (4.1) introduced
straight line relationships to approximate the test curves and added a
factor of safety that provided maximum allowable design stresses in the
form of Eqn. 4.1 for a variety of design details.

F
Fmax 1= lKR (4.1)

where, F =maximum allowable repeated stress.
max

F =the fatigue resistance under a zero-to-tension loadingro reduced by the desired factor of safety (this is also
the range of stress).

R = the ratio of minimum to maximum stress.

K = slope of the straight lineconstant-life fatigue

relationship.

Eqn. 4.1 was used for a number of years but, in many instances
proved to be rather difficult to apply. A constant range of stress criteria
that relates the fatigue behavior to the live-load stress range is much
simpler to use. Because of this ease of application, and the fact that
this simplification generally provides a good approximation, a stress
range design criteria has now been introduced into most of the current
structural fatigue design specifications (4.2, 4.3, 4.4, 4.5). The use
of a constant stress range for design corresponds to a value of K = 1.0
in Eqn. 4.1. However, as noted previously, the use of a constant stress
range neglects some of the stress and material factors that may affect
fatigue.

There has been considerable difference of opinion around the world
as to the best or appropriate design criteria to be used for fatigue.
Figure 4.2 (4.6) shows the marked difference in fatigue design criteria
used by several different countries for a single type of welded joint at
a life of 2,000,000 cycles. Markedly different basic assumptions and
levels of reliability have been used in developing the various design
criteria.
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Fig. 4.1 Form of Early Fatigue Design Relationships Based on Test Data.
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Although fatigue design provisions are already included in many
specifications, studies (4.7, 4.8, 4.9, 4.10, 4.11 and 4.12) have been
under way i n recent years to develop more realistic design criteria.
The developments in some of these new studies are based on a philosophy
of separating the problem into two functions, a resistance function and
a loading function, and in introducing consideration of a level of struc-
tural reliability rather than a factor of safety. The degree of varia-
bility in the fatigue behavior of many welded details (one of the factors
required for a reliability analysis) has been obtained from the laboratory
data (see Fig. 3.4). However, to this must be added the effects of other
variables: errors in analysis , variation in fabrication , the effects of
corrosion, and the effects of any other variables that may be involved.

The variability in loading must also be taken into account. For
some structures, loading information in the form of histograms is available;
however, a great need exists for more realistic information concerning
loadings, predictions of loadings, and of the uncertainty in these predic-
tions. With improved fatigue information and better loading predictions
greater economy and safety through design will be possible.

The structural fatigue reliability design philosophy suggested by
Ang and Munse (4.7) makes possible the fatigue design of structures that
are subjected to random loading conditions and for a selected level of
reliability. Welded members and details for which constant-cycle fatigue
data are available can readily be covered by such a design philosophy.
The variability in the fatigue data (coefficient of variation) as well
as estimates of the effects of errors in analysis, the uncertainty in
the slope of the fatigue regression relationships, and possible errors
in the use of a linear damage rule can also be introduced. For the com-
plete criteria, the selection of a loading function must also be made.
To do this, realistic data in the form of histograms are essential. Then,
the appropriate probability density functions that best represent the
expected loading histories can be selected. Various distribution functions
can be used for this purpose and will be discussed in detail in Section 6.

Based on an examination of the various fatigue design criteria noted
above, simple reliability design criteria have been developed to provide
for the fatigue design of ship structure details. Ship details have been
examined extensively, a catalog of these details assembled, and the various
locations that may be susceptible to fatigue have been categorized (see
Section 5). As a second step in the process, ship-loading-history data
have been examined, appropriate probability density functions selected to
represent such loadings, and fatigue design reliability criteria developed
(Section 7). Combining these developments with the available fatigue data
for welded members and details then makes possible the development of the
desired simple ship structure fatigue design criteria (Section 7).
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5. SHIP STRUCTURE - DETAILS AND ASSEMBLIES

5.1 Classification of Ship Details

In any fatigue evaluation of ship structures, the importance of the
structural details cannot be overemphasized. Unfortunately, ship structural
details have often been developed with little or no fatigue analysis included
in the detail selection and design process and, consequently, fatigue has
become a serious problem. Although there are some basic selection factors
used in terms of size and configurations, only limited fatigue design infor-
mation has been available to the designer or detailer to aid in his selection.
The details have often been chosen because they have been used previously
or are easy to assemble. The result has been a large variety of structural
details with greatly varying fatigue strengths.

Recent studies of ships (5.1 and 5.2) have been conducted to provide
data on the performance of structural details. The immediate result of
these studies should be to identify poor details, to reduce the number
of variations in details, and to decrease fabrication and construction
costs; however, the development of suitable fatigue design criteria should,
in addition, make improvements in safety and design, and further reductions
in cost possible.

The general review of ship structural details by Glasfeld et al.
(5.3) and the General Dynamics report on Standard Structural Arrangements
(5.4) provide an excellent summary of the variability in and design of
structural details and should help to reduce the number of variations
in these details now in use. Surveys of actual in-service performance
of many of these structural details are provided by Jordan and Cochran
(5.1, 5.2). In these surveys, the details have been categorized into
twelve families and cover 634 structural configurations. Eighty-six ships,
involving seven types, were surveyed for service failures. Approximately
600,000 details were observed and 6,856 of these exhibited failures. These,
and other efforts directed at the evaluation of ship structural details
have helped greatly to define the critical locations in the details.
However, as noted in the Committee 111.1 report of the Proceedings of
the 7th International Ship Structures Congress (5.5), fatigue still remains
a serious problem in large ships. About 70% of the total damage in ships
over 200 m in length may be classified as fatigue damage. However, in
small ships less than 200 m in length, damage due to fatigue cracking
seems to be much lower, approximately 20%.

This study uses the recent studies of structural details to help
identify those locations that may be fatigue critical and to establish
design criteria for such details. To identify the possible critical loca-
tions, a catalog of ship structure details and assemblies has been established,
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based on the 634 configurations identified by Jordan and Cochran (5.1, 5.2).

5.2 Catalog of Welded Ship Structure Details and Assemblies

The ship structure details identified for use in this study are found
in SSC reports 272 and 294 (5.1, 5.2). These reports also give detailed
information with respect to crack locations, detail descriptions, and other
general failure information. The catalog consists of 12 families of details
(see Fig. 5.1), each of which is divided into subfamilies on the basis of
their function, and then into individual details in the subfamilies. The
complete catalog of details is presented in Appendix A. In this catalog a
detail that is identified as 2B13, for example, is a detail from family 2,
subfamily B, and is number 13 in the subfamily. The twelve family classifi-
cations are presented as Fig. 5.1 and shows a typical configuration, the
family name, and the general function of the family.

A catalog example of the Beam Bracket Details of family No. 1 and
subfamilies A and B are presented in Fig. 5.2. The locations on each of
the ship structure details and assemblies at which fatigue should be con-[
sidered are identified with a solid or open circle and a number or numbers.
These locations, in turn, will be related to the design process presented
in Section 7.

5.3 Local Fatigue Details

Numerous locations in the twelve families of ship details have been
found to contain cracks (5.1 and 5.2), many of which can probably be assumed
to be fatigue cracks. To provide a basis on which fatigue design criteria
might be developed for the ship details, these critical locations and other
possible critical locations have been identified in terms of a "local fatigue
detail," such as those shown in Fig. 3.1, for which fatigue strengths are in
general available.

The "local fatigue details" identified in the families of ship details,
or for which fatigue data are available, are assembled in Appendix B, along
with a tabular summnary of their fatigue strengths. The diagrams in this
Appendix illustrate the general features of the details and the type of load-
ing to which the detail is subjected. The identification of these "local
fatigue details," in the Appendix A catalog of ship details and assemblies
is provided by the numbers at the solid or open circles on the ship details.P
These numbers correspond to the details in Appendix B, and identify details
of comparable geometry.

An indication of the relationship between the catalog of welded ship
structure details and the local fatigue details is given in Fig. 5.3. In
beam bracket IC10 it can be seen that four critical locations are identified
in the angles and the corner gusset; two of these locations are comparable
to local fatigue detail No. 21, and the other two are comparable to local
fatigue detail No. 30. With a prediction of the loading history (history
of the nominal stress in the direction indicated by the arrows) to which
the beam bracket will be subjected during its lifetime and values of the
fatigue resistance of fatigue details No. 21 and 30, the adequacy of the
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CONTINUOUS

398 398 398 398

ATT
38' O37 25" 25 3 7

39F 4 98-0 39k.. .I 3,0,37\ 1I 37; 7,m \3 - 7, 30 7, 30 * 7,30

7 3 32113707 37 30, 0326

39 39 39 39
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20026 26 26 21,30 26
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26 20,2 6221 30O -20,21 3
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2I2

'3 20, 21

Fig. 5.2 Example from Catalog of Beam Brackets Details, Family No. 1.
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21
30

Beam Bracket

21O
30

(a) Ship Structure Detail - (From Appendix A)

(b) Possible Fatigue Critical Locations In Beam Bracket ICIO

30 21

(c) Local Fatique Details Number 21 and 30. (From Appendix B)

Fig. 5.3 Examples of Relationship Between Ship Structure

Details and Local Fatigue Details.
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(g) Beam Bracket IC4

i iI

8 - 26

(h) Possible Fatigue Critical Locations In Beam
Bracket IC4

i8 26

(i) Local Fatigue Details Number 18 and 26

Fig. 5.3 (Cont'd) Examples of Relationship Between Ship Structure
Details and Local Fatigue Details.
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7

=L 21,30
25B

(d) Tripping Bracket 2C6

25B 30

(e) Possible Fatigue Critical Location In Tripping
Bracket 2C6

?25 B

(f) Local Fatigue Details Number 7 and 25B

Fig, 5.3 (Cot'd.) Examples of Relationship Between Ship Structure
Details and Local Fatigue Details.
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bracket in fatigue can then be evaluated. This is basically the processh
used to provide a fatigue design (verification of adequacy) of ship struc-
ture details. It is important to note that the direction of stressing must
be the same in the ship structure detail and the local fatigue detail for
which data are provided.

It is apparent that, because of the great duplication of local fatigue
details in the ship structure details, the problem of fatigue design for
ship str-ucture details will be greatly simplified. The catalog of ship struc-
ture details in Appendix A and the pre-identification of the local fatigue
details should also make possible the development of relative ratings for
many of the ship details in a given family and eventually simplify the J
designer's initial selection process for such details.

5.4 Fatigue Cracking in Ship Details

Fatigue cracks have been observed in the various types of ships and
at various locations throughout the ships. In a report entitled "Hull
Damages on Large Swedish Built Ships," 85 ships were studied for damage;
damage caused by collision was excluded (5.6). Three basic types of damage
were identified and have been classified as cracks, deformations, and corro-
sion. Of the 3161 areas of damage reported, 2227, or 70.45%, were cracks.
Of these 2227 cracks, 1135, or 50.97%, were located in bracketed connections;
1907, or 85%, of the cracks were found in the cargo space, with a majority
in the lower part of the ship. Oil tankers contained a disproportionate
number of the damaged areas, many more than the other three ship types
studied. The results of the Swedish survey show a good correlation with
the results of the survey reported in SSC Report No. 272 (5.1); however,
the SSC report included damage resulting from collision as well as buckling
and cracking. Of the 3307 damaged locations reported in SSC 272, 1297, or
39.22%, were found in beam bracket connections and 358, or an additionpl
10.83%, were found in tripping brackets. In general, cracks tended to
develop near the exterior of the ship, the exterior being the side shell,
the bottom plating and the main deck.

Unfortunately, many of the fatigue cracks discussed in various reports
are not well illustrated. Often, only the general location of a crack is
indicated without regard to direction or position. However, a variety of
diagrams showing crack locations are reproduced in Appendix C. These should
be of assistance in identifying some of the critical fatigue locations in
ship structure details. The cracks have been identified further in terms
of the families of ship details. They also identify possible critical loca-
tions in the ship detail and are the types of cracks that proper fatigue
design will help to minimize.

The two SSC reports on the in-service performance of structural ship
details (5.1 and 5.2) have clearly helped to define possible fatigue critical
locations in ships and to show the seriousness of the cracking problems. In
addition, the identification of crack locations has helped to identify the
types of "local fatigue details" for which fatigue resistances are required.
These details are summarized in Table 5.1, along with an indication of the
local fatigue details for which fatigue data or estimates of fatigue resis-
tance are available. Not all details have been studied, and so additional
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TABLE 5.1

Cracked Fatigue Details and Data Availability

Fatigue Data Available
Total No. of Detail (or estimates of

Detail No. Classifications at Cracks* fatigue strength)

7 272 Yes
9 7 Yes

14 7 Yes
17 2 Yes
17S 2 Yes
19 42 Yes
19S 40 Yes
20 318 Yes

21 1300 Yes
21S 54 Yes
26 155 Yes
28 208 Yes
28F 222 Yes
29 9 No
29R 3 No
29F 7 No

30 142 Yes
30A 672 Yes
32B 2 Yes
33 36 Yes
33S 20 Yes
34 23 No
34S 17 No
36 600 Yes

37 462 No
38 8 Yes
40 2 Yes
41 11 No
42 7 Yes
43 75 No
44 14 No
47 29 No

48R 25 No
50 2 No
51 687 Yes
52 105 Yes
53 8 No

*Multiple detail classifications (two or at most three) are often
indicated for a single crack because the specific crack location
can not be identified.
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TABLE 5.2

Summary of Data for 12 Detail Families

Totals Observed

Family Detail Family Total No. F Total No. 7
No. Name Details Failures Failures

1 Beam Bracket 68586 2252 3.28
2 Tripping Bracket 34012 1587 4.67
3 Non-Tight Collar 20974 33 0.16
4 Tight Collar 20654 46 0.22
5 Gunwale Connection 172 5 2.91
6 Knife Edges 0 0 -

7 Miscellaneous Cutouts 296689 853 0.29
8 Clearance Cutouts 57307 843 1.47
9 Deck Cutouts 7534 29 0.38

10 Stanchion Ends 7090 122 1.72
11 Stiffener Ends 40729 298 0.73
12 Panel Stiffeners 53837 788 1.46

TOTALS 607584 6856 1.13

40



investigations and/or fatigue analyses are needed to provide the required
basic fatigue design data. (Results of tests conducted on details 21, 30A,
51 and 52 are reported in Appendix F.) The fatigue strengths determined
from these tests are presented in Table B.l of Appendix B, along with the
fatigue strengths for the many other details.

An indication of the extent of failures in the 86 ships reported in
references 5.1 and 5.2 is presented in Table 5.2. The percentage of the
twelve family details showing failures does not appear to be large. How-
ever, the total number of failures reported is 6856 and is a significant
number, a number that can be reduced greatly by the introduction of appro-
priate fatigue design requirements. It is toward this end that Sections 6
and 7 have been developed.

5.5 References
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5.3 Glasfeld, R., Jordan, D., Ken, M., Jr. and Zoller, D. "Reviewof Ship Structure Details," SSC-266, 1977.
5.4 General Dynamics Corporation, Quincy Shipbuilding Division. "A

Report of Research Conducted Under Marad Task S-ll of the
Ship Producibility Research Program to Determine the Value
of Standard Structural Arrangements."

5.5 Committee III. Report, Proceedings of the Seventh International
Ship Structures Congress, Paris, August 1979.

5.6 Kjellander, S. L. "Hull Damages on Large Swedish-Built Ships,"
Styrelsen f6r teknisk utveckling, Report No. 70-1272/U 981,
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6. SHIP LOADING HISTORIES

6.1 Ship Loads

The types of loadings which are of pr'imary concern in fatigue are
those which are cyclic in nature and applied numerous times. Hence, loads
such as those experienced in launching the ship, in ship collisions and
in ship groundings are not considered here; they would be of concern in
the basic design of the ship. The four main categories of cyclic loads
to be considered are tabulated below along with the estimated cycles of
load reversals in a typical ship's lifetime (6.1):

Loading Category Cycles

(1) Low frequency, wave-induced (nuasi-static) 10~ 7- 108

(2) High frequency (dynamic) 10

(3) Still water 340

(4) Thermal 7,000

There may also be certain portions of a ship that are periodically subjec-
ted to other specific loadings not noted above, but which can be expected
to cause fatigue damage. These too should be included in the loading
history for those details when they are evaluated. A brief discussion of
the characteristics of each loading category follows. For a more detailed
discussion the reader is referred to the literature (6.1 through 6.18).

6.1.1 Low Frequency Wave-Induced Loading (Quasi-Static)

Low frequency wave-induced loads are considered to be those caused by
waves. These loads vary irregularly with an average period of 5 to 10
seconds, depending on the type of ship (6.1).

Some of the factors known to affect the wave loading are as follows
(6.2, 6.3):

(1) Ship SWBM, draft and trim.
(2) Ship speed.

3) Ship heading.4) Sea conditions.

In a study of dry cargo vessels, Lewis (6.4, 6.6) suggests that ship load-
ing condition and ship speed have little effect on wave bending moments,
and are not as significant as sea conditions. Hence, the sea conditions
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encountered during the life of a ship are probably of basic importance in
its wave-induced loading history.

6.1.2 High Frequency Loading (Dynamic)

The record of ship response in Fig. 6.1 shows high frequency dynamic
stresses that are superimposed on the low frequency wave-induced stress
variations. Such high frequency loadings are important in terms of the
manner in which they add to the wave-induced stresses to establish the
maximum stress ranges (see Fig. 6.1(a)). but are of little significance in
terms of the high frequency small stress fluctuations shown in Fig. 6.1 (c).

High frequenicy loadings can generally be subdivided into two categories
based on +he nature of the excitation: transient and steady-state (6.1).
A trans' dynamic loading is generally attributed to loadings such as
slanii and whipping. Nibbering (6.5) defines a slam as "any load causing
vertica, two node vibration of a ship," and is usually caused by bottom
impact or bow flare immiersion. Slammiing usually refers to the initial
effect of a wave-ship impact, while whipping refers to the hull vibration
subsequent to the slam (6.6).

Since severe slamming can often be avoided or minimized by a reduction
in speed and/or a change in course, the amount and severity of slamming
experienced by a ship is, to some extent, controlled by the shipmaster
(6.5, 6.6). In this respect, slamming loads differ from the low frequency
wave loading in that they are relatively independent of sea conditions.
This is due to the fact that ships are normially forced to reduce speed
in the rough seas which are gene;clly responsible for the slamming (6.1).

Steady-state dynamic loadings can be either self-excited by the ship's
machinery or propellers, or externally excited by the waves (6.7). Wave-
excited steady-state response is usually referred to as springing.

6.1.3 Still Water Loading

Still water loads due to ship weight and buoyancy represent the
fluctuating mean values about which the wave loads vary. These mean loads
vary gradually during a voyage (Fig. 6.2) as fuel is consumed and as ballast
is added or shifted. There may also be large variations in still water
loading from voyage to voyage, depending on the loading condition and the
distribution of the cargo (6.1).

High speed ships may also experience variations in bending moments
as a result of the ship's own wave. A significant sagging moment can be
created by the bow and stern waves. This loading, induced by the ship's
own wave train, can be considered as a component of the still water bending
moment (6.6).
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_______________ 17,900 psi __________ _____________

U IF

a) Total Stress Variations Including Both Wave-Induced and First-Mode Stress Components

b) Wave-Induced Stress Variations (Frequency Approx. 0.1 Hz)

c) First-Mode (Springing) Stress Variations (Frequency Approx. 0.70 Hz)

Fig. 6.1 Typical Record of Midship Stress Variation, M. V. Fotini L,
Showing Filtered Wave-Induced and Dynamic Stresses (6.1).
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Fig. 6.2 Typical Voyage Variation of Midship Vertical Bending
Stress, R. G. Follis (6.20).

45



6.1.4 Thermal Loading

Thermal stresses are induced in ship structures by the presence of
an irregular thermal gradient and can be considered as a type of loading.
The thermal gradient in a ship depends on the weather, sea-air temperature
differential and exposure to the sun. Consequently, the thermal-load
variation generally follows the diurnal changes in air temperature (6.1).
This type of effect is evident in the stress history shown in Fig. 6.2.

Thermal stresses may also exist in localized areas of the ship due
to heated or cooled (refrigerated) cargoes (6.6).

6.2 Measurement of Ship Response

In recent years, considerable research has been conducted to study
or determine ship response, primarily in the midship region and under service
conditions. The research has involved full-scale ship stress collection
programs, model tests and theoretical analyses. The full-scale studies
provide a mans for verifying results obtained in model testing and theoret-
ical analyses. One of the aims of the research has been to develop reliable
theoretical calculation procedures so that costly model testing and full-
scale data collection programs can be eliminated (6.8).

This study uses actual stress histories as measured in three full-scale
ship instrumentation programs: the Dry Cargo Vessel Research Program, the
Large Tanker and Bulk Carrier Research Program and SL-7 Research Program.
A primary purpose of these programs was to obtain midship bending stress
data and to study long-term statistical trends (6.4, 6.9, 6.10).

The characteristics of the nine vessels involved in these full-scale
programs are given Tables 6.1, 6.2 and 6.3.

6.3 Ship Loading Stress Histories

6.3.1 Low Frequency Wave-Induced Load Histories

Much of the research in the Dry Cargo, Large Tanker and Bulk Carrier
programs has involved wave-induced loading. In these programs the dynamic
stress components are generally filtered out of the stress record leaving
only those stresses due to wave-induced bending as shown in Fig. 6.1(b).
Both the short-term and long-term trends of the wave-induced stresses can
be studied in such records.

The short-term load history consists of the distribution of stress
variations (usually peak-to-peak values) over a short period of time, on
the order of one hour, during which ship speed, ship heading and sea state
are assumed to be constant (6.14, 6.15). It has been observed that short-
term load histories may be closely approximated by Rayleigh distributions
(6.16, 6.14, 6 .2, 6.15). An example of a short-term stress histogram
along with the corresponding Rayleigh distribution is given in Fig. 6.3.
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TABLE 6.3

Characteristics of Sea-Land McLean
(Typical of Vessels in SL-7 Program) (6.13)

Name: SEA-LAND McLEAN
Builder: Rotterdam Dry Dock (HULL 330)
Class: SL-7 Containership
Length, overall: 946' 1 "
Length, between perpendiculars: 880' 6"
Beam, molded: 105' 6"
Depth to main deck, forward: 64' O"
Depth to main deck, aft: 68' 6"
Draft, design: 30' 0"
Draft, scantling: 34' 0"
Dead weight - long tons: 27,315
Displacement (34' 0" draft)-

long tons: 50,315
Machinery: Two separate cross-compound steam

turbines driving two propeller shafts.
Shaft horsepower-maximum

continuous, both shafts: 120,000
Propeller RPM: 135
Speed, maximum, knots: 33
Center of gravity - full load: 399.32' forward of aft perpendicular

42.65' above base line.

0.5-

0.4-

06 0.3-
XN

0.2-

0

O0 1 4 5 6

Stress, X , kpsi

Fig. 6.3 Comparison of Stress Histogram for One Typical Record
with Ideal Rayleigh Curve, Wolverine State (6.17).
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The long-term load history, which is of paramount concern in fatigue
analysis, consists of the distribution of stress variations over a longer
period of time in which a variety of ship speeds, ship headings and sea
states are experienced (6.14). Since there is a limited amount of full-
scale "long-term" ship loading data available, and then only for a limited
length of time, it is necessary to extrapolate over an extended period of
time to obtain the lifetime wave-induced load spectrum (6.14, 6.4, 6.15,
6.2). While these extrapolatons have been developed to predict extreme
stress values for the design of the hull girders, they also provide random
stress distributions that can be used for fatigue considerations.

These extrapolated long-term stress histories are commonly plotted on
semi-log cum-,ulative distribution diagrams. Diagrams of this type for Large
Tankers and Dry Cargo Vessels are shown in Figs. 6.4 and 6.5, respectively.

6.3.2 Complete Stress Histories

The construction of a complete ship loading history requires considera-
tion of stresses due to still water, thermal and dynamic effects in addition
to low freouency wave-induced stresses discussed in the previous section.

As noted earlier, the still water and thermal stresses are very low
frequency, and their effect is primarily to shift the mean stress. These
stresses will have relatively little effect on the lifetime load history
(see Section 3.7 - Effect of Mean Stress).

The dynamic loads are high frequency and do contribute to fatigue damage.
Hence, the problem reduces to synthesizing the dynamic and wave-induced
loads into a complete load history. Although some progress has been made
in this area (6.1, 6.18), the problem has not yet been completely resolved.

Nibbering (6.5) developed an approximation of a complete stress history
by "correcting" the wave-induced cumulative distribution diagram for dynamic
(slamming) effects as well as for other effects, such as corrosion. Figure
6.6 shows the corrections he applied to the wave-induced stress curve for
the Canada.

Some full-scale ship studies, notably the SL-7 scratch gage program,
include both the wave-induced and dynami c stresses on the same record.
In these cases the complete load history can be assembtled directly from
the recorded data. Figure 6.7 is a histogram of stress data from eight
SL-7 ships during a five-year period (6.10).

6.4 Selection of Probability Distributions to Describe Ship Loadi
Hi stories

The fatigue design criteria developed here requires that the complete
loading history at the location of interest be presented in probabilistic
terms, i.e.,be represented by a probability distribution function. Conse-
quently, it was necessary to find a distribution or distributions which
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provide the best fit to the long-term ship loading histories found in the
literature. Emphasis was placed on finding a distribution general enough
to approximate the loading histories of various types of ships subjected
to a variety of loading conditions.

It should be noted that it is not the intent of the authors to specify
the use of a specific loading history for all ships and details, but rather
to provide an indication of those distribution functions that appear to
be usable for ship structures fatigue design criteria.

6.4.1 Probability Distributions

Six probability distribution functions were investigated. These con-
sisted of the Beta, Lognormal, Weibull, Exponential, Rayleigh and a Shifted
Exponential distribution function. Some of the basic properties of these
distributions are given in Table 6.4, and the general shapes are shown in
Fig. 6.8.

The beta distribution is a versatile function, with finite lower and
upper bounds, that may be skewed in one direction or the other, depending
on the relative values of the shape parameters q and r (see Fig. 6.8(a)).
This distribution has been used in fatigue analyses by Ang and Munse (6.19)
to model the random loadings in highway bridges subjected to heavy truck
loadings. However, the beta distribution, with its upper bound limitation,
does not appear to be compatible with the statistical extrapolation methods
commonly used in wave spectral analysis. Hence, the beta distribution is
probably not appropriate for ship structures.

The lognormal distribution is a lower bounded non-negative probability
distribution with a "tail" that trails off to the right (Fig. 6.8(b)).
Jasper (6.16) proposed the use of the lognormal distribution to represent
the long-term trends of wave-induced stresses in ships.

The two-parameter Weibull distribution, like the lognormal, is a lower
bounded non-negative distribution with a tail to the right (Fig. 6.8(c)).
However, the Weibull distribution can take on many different shapes depend-
ing on the shape parameter, k. The exponential and Rayleigh distributions
(Figs. 6.8(d) and 6.8(e)) are special cases of the Weibull distribution,
where k=l and k=2, respectively. Nordenstrbm (6.15) found that long-
term distributions of waves and wave-induced structural response can be
closely approximated by Weibull distributions with shape parameters close
to unity, i.e.)approximately exponential distributions.

The shifted exponential distribution is simply an exponential distribu-
tion which starts at a non-zero value (Fig. 6.8(f)). This distribution,
which can be considered as a special case of the exponential distribution,
fits many of the ship histories closely. However, the introduction of the
non-zero lower bound implies that the lowest possible stress variation
is a non-zero value which is not physically true and tends to complicate
the analysis.
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Fig. 6.8 Shapes of Probability Density Functions (see Table 6.4 for Probability
Density Functions).
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6.4.2 Comparison of Probability Distributions with Long-Term

Loading Histories

A study of alternative long-term probability distributions was made
by Lewis (6.20) utilizing the extensive data base existing for the Wolverine
State. The long-term distribution indicated by the actual stress data was
compared with long-term extrapolations based on various probability distri-
butions. The results shown in Fig. 6.9 clearly indicate that the Weibull
and normal distributions give excellent agreement with the actual data.
Ndrdenstrom, in reference 6.15, indicates a preference for the use of the
Weibull distribution rather than the normal or lognormal distributions to
describe long-term wave-induced load histories.

As a result of these studies it was decided to compare also the long-
term wave-induced load histories of ships in the Large Tanker and Dry Cargo
vessel programs with Weibull distributions. The results are plotted in
Fig. 6.10. In this presentation the maximum loading, a bending stress
range function of 1.0, is expected to be reached once in 108 cycles of
loading. It appears that all the loading histories can be approximated by
Weibull distributions with the shape factor, k, in the range of 0.7 to 1.3
(Table 6.5).

One obvious trend noted in this study is that the large ships (tankers
and bulk carriers) tend to have loading shape parameters less than or equal
to 1.0 while the smaller ships (dry cargo) tend to have loading shape para-
meters greater than or equal to 1.0.

The stress value at a probability of exceedance of 10-8, (S n_8), was
found to vary considerably among the ships in each category. For1 xample,
the Idemitsu Maru and Esso Malaysia have very similar distribution charac-
teristics (see Table 6.5 , but their respective sln-8 values are 12.3 ksi
and 21.8 ksi. These differences are apparently due to the different sea
conditions encountered by each ship and possibly to differences in design.

The above analysis supports the use of the Weibull distribution to
describe long-term wave-induced loading. However, as noted in Section
6.3.2, complete loading histories including dynamic effects should be used
in the fatigue analysis. It is difficult, at this time, to establish whether
the Weibull distribution accurately describes the complete load history of
a ship because a satisfactory method for synthesizing all of the appropriate
loading spectra has not yet been developed (6.18). Still, there does appear
to be some evidence that the Weibull distribution would be appropriate for
the complete loading history.

From an inspection of Fig. 6.6 it can be seen that Nibbering's fatigue
loading curves for the Canada, with corrections for slamming (and other)
effects, can be approximated by a Weibull distribution with k = 1.0. A
further test of the applicability of the Weibull distribution to a complete
load history was made utilizing the SL-7 scratch gage data which includes
both wave-induced and first- (or higher) mode vibratory stresses (6.10)
The appropriate Weibull distribution is determined for the SL-7 histogram
of Fig. 6.7 in Appendix D and is compared with the histogram in Fig. 6.11.
This figure shows excellent agreement between the histogram and the Weibull
distribution.
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TABLE 6.5

SHIP LOADING HISTORIES COMPARED WITH WEIBULL DISTRIBUTIONS

Stress at
Probability

of Exceedance
Type of Weibull Load -i8 S-8, kj'
Ship Name of Ship Notes Shape, k

Dry Cargo Wolverine State 1,5 1.2 16.5
California State 1,5 1.0 18.0
Mormacscan 1,5,7 1.3 12.0
Mormacscan 1,5,8 1.0 10.0

Large
Tankers Idemitsu Maru 2,5 1.0 12.3

R. G. Follis 2,5 0.8 30.0
Esso Malaysia 2,5 0.8 21.8
Universe Ireland 2,3,5 0.7 18.7

Bulk Carrier Fotini L. 2,5 0.9 29.5

SL-7
Container-
ships See Note 9 4,6,9 1.2 34.1

Notes:

1i Data from ref. 6.2.
2) Data from ref. 6.12.
3) Data from ref. 6.6.
4) Data from ref. 6.10.
5) Load history is for wave-induced loading with dynamic effects

filtered.
6) Load history is for wave-induced loading with dynamic effect

included.
7 Load history based on North Atlantic voyages.
8) Load history based on South American vayages.
9 Load history based on data collected from eight SL-7 container-

ships (see Appendix D).
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Fig. 6.9 Long-Term Stress Distributions by Different Methods (6.20).
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7. DEVELOPMENT OF SHIP STRUCTURE FATIGUE DESIGN CRITERIA

As noted earlier, the principal objective of this investigation is the
development of a ship structure fatigue design criteria. Although a variety
of factors have been considered in developing the design criteria, only the
three most important factors (those considered to have the greatest effect
on the fatigue behavior) have been included. These are (a) the mean fatigue
resistance of the local fatigue details, (b) a "Reliability Factor" (factor
of safety) that is a function of the slope of the S-N curve, level of relia-
bility, and a coefficient of variation (see Section 7.3) and (c) a "Random
Load Factor" that is a function of the expected loading history and slope
of the S-N curve (see Section 7.4).

7.1 S-N Relationships

The mean fatigue resistance of the local fatigue details, the basic
imformation used for design, is presented in Table B.1 (Appendix B). The
values in the table are based on laboratory test data and presented in terms
of stress range; the secondary effects of mean stress (including residual
stresses, stress shift due to temperature changes, etc.), and in most cases
the type of steel (mild, high strength low alloy, or quenched and tempered)
have been neglected, except to the extent they are included in the "Relia-
bi1i ty Factor."

Because of the relatively small differences in fatigue strength for
details of various steels (see Section 3.4), and the magnitude of scatter
generally obtained in fatigue data, it is considered appropriate to neglect
any material factor in fatigue design of most details. Similarily, because
of the complexities caused by a consideration of mean stress and the rela-
tively small magnitude of the mean stress effect (see Fig. 3.2), it is
recommnended that this factor also be neglected in design; low or compressive
mean stresses will make the design process a little conservative and high
mean stresses a little less conservative. Thermal effects, residual stresses,
shifting of ballast, distribution and magnitude of cargo, cor'sumption of fuel,
etc., all affect the mean stress, sometimes increasing it and in other instan-
ces decreasing it. Consequently, there will be a tendency for the mean stress
effects to balance one another and thus justify neglecting the mean stress
effects in design. This shifting of mean stress for the R. G. Follis (7.1)
is evident in the bending stress history shown in Fig. 6.2.

Clearly, the use in design of the mean fatigue stress range is desir-
able and makes possible the development of a simple fatigue design criteria
for ship structures.
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7.2 Uncertainty - Coefficient of Variation

As shown by Ang (7.2), the reliability model for fatigue design is a
function of the 'total" uncertainty in fatigue life. In establishing this
total undertainty, it is essential to take into account all sources of
uncertainty: the scatter in the fatigue data, the uncertainty in the fatigue
model, the uncertainty in the fatigue damage model (Miner's linear damage
rule), the uncertainty in the stress-range distribution and error in stress
analysis, the effects of the quality of fabrication and workmanship, and the
uncertainty produced by any other design and fabrication factors.

The measure of total uncertainty in fatigue life (7.3), i, is given
as a function of the variability (coefficient of variation) in fatigue data
life, 6 , any prediction error, : , and the uncertainty in the individual
stresseE and stress effects. The value of n may be determined from Equation
7.1 using a first-order analysis (7.4). n

2 2 + 2_2 + ,2 (7.1)n f + m:s c

where,

in = the total uncertainty in fatigue life.

£f = the uncertainty in the fatigue data life.

_ f in which 6f is the coefficient of

variation in the fatigue life data about the
S-N regression line; and Af is the error in
the fatigue model (the S-N equation, including
such effects as mean stress), and the imperfec-
tions in the use of the linear damage rule
(Miner) and the Weibull distribution approxima-
tions.

: the uncertainty in the mean intercept of the
c S-N regression line and includes in particular

the effects of workmanship and fabrication.

Is measure of total uncertainty in mean stress
range, including the effects of impact and error
of stress analysis and stress determination.

The values of 6f, as obtained from the available fatigue data, are
tabulated in Table 7.1 for the fatigue details included in this study. Since
the mean fatigue stress range is used herein (combining materials of all
strengths and stress cycles of various mean stress levels), the tabulated
uncertainty in life includes the effect of both material strength and mean
stress. The scatter in the fatigue data does not include the effect of cor-
rosion. This is a factor that should be included as soon as adequate data
are available. The error in the fatigue model, Af, including the uncertainty
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TABLE 7.1

Summary of Uncertainties in Fatigue Parameters

Detail No.
oee _ % f c

1(all steels) 5.729 15.55 0.75 0.15 0.40 0.10 1.04

IM 12.229 25.36 0.71 0.15 0.40 0.10 1.48

IH 15.449 32.04 0.91 0.15 0.40 0.10 1.84

IQ 5.199 14.91 0.68 0.15 0.40 0.10 0.96

I(F) 4.805 13.78 0.60 0.15 0.40 0.10 0.88

2 6.048 15.82 0.64 0.15 0.40 0.10 0.98

3 5.946 14.80 0.63 0.15 0.40 0.10 0.96

3(G) 6.370 15.52 0.74 0.15 0.40 0.10 1.07
4 5.663 14.22 0.61 0.15 0.40 0.10 0.93

5 3.278 9.65 0.48 0.15 0.40 0.10 0.72

6 5.663 14.22 0.61 0.15 0.40 0.10 0.93
7 B 3.771 11.23 0.53 0.15 0.40 0.10 0.78

7 P 4.172 11.46 0.51 0.15 0.40 0.10 0.78

8 6.549 16.44 0.81 0.15 0.40 0.10 1,13

9 9.643 19.59 0.90 0.15 0.40 0.10 1.39
IOM 7.589 16.63 0.88 0.15 0.40 0.10 1.24

1OH 12.795 25.92 0.96 0.15 0.40 0.10 1.66

IOQ 5.124 13.65 0.76 0.15 0.40 0.10 1.01

10(G) 7.130 16.93 0.94 0.15 0.40 0.10 1.25

10 A 5.468 14.14 0.79 0.15 0.40 0.10 1.05

IOA(G)' -- -- -- 0.15 0.40 0.10 --
11 5.765 13.77 0.68 0.15 0.40 0.10 0.99

12 4.398 11.69 0.43 0.15 0.40 0.10 0.75

12(G) 5.663 14.12 0.60 0.15 0.40 0.10 0.93

13 4.229 12.12 0.45 0.15 0.40 0.10 0.75

14 7.439 16.96 0.91 0.15 0.40 0.10 1.25

14At  -- -- -- 0.15 0.40 0.10 --

15 4.200 10.83 0.43 0.15 0.40 0.10 0.74

16 4.631 12.02 0.58 0.15 0.40 0.10 0.85

16(G) 6.960 15.55 0.95 0.15 0.40 0.10 1.25
17 3.736 10.39 0.34 0.15 0.40 0.10 0.66

17(S) 7.782 16.28 0.65 0.15 0.40 0.10 1.10

17 A 3.465 10.14 0.39 0.15 0.40 0.10 0.67
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Table 7.1 cont.)

Detail No.
(See Fig. B.1) m logloC Sf Af _c _s _n_

17A(S) 7.782 16.28 0.65 0.15 0.40 0.10 1.10

18 4.027 10.26 0.65 0.15 0.40 0.10 0.88

18(S) 9.233 18.02 0.75 0.15 0.40 0.10 1.26

19 7.472 15.19 0.93 0.15 0.40 0.10 1.27

19(S) 7.520 15.83 O..,3 0.15 0.40 0.10 1.27

20 4.619 11.57 0.66 0.15 0.40 0.10 0.92

20(S) 6.759 14.73 0.93 0.15 0.40 0.10 1.22

21(1/4"weld) 14.245 26.72 -- 0.15 0.40 0.10 --

21(3/8"weld) 15.494 25.49 -- 0.15 0.40 0.10 --

21(S) 7.358 16.98 0.83 0.15 0.40 0.10 1.19

22 3.147 10.04 0.32 0.15 0.40 0.10 0.62

23 3.187 9.94 0.13 0.15 0.40 0.10 0.55

24 3.187 9.94 0.13 0.15 0.40 0.10 0.55

25 7.090 15.79 0.78 0.15 0.40 0.10 1.14

25A 8.518 19.47 0.91 0.15 0.40 0.10 1.32

25B 6.966 15.15 0.63 0.15 0.40 0.10 1.03

26 3.348 10.13 0.61 0.15 0.40 0.10 0.82

27 3.146 9.40 0.58 0.15 0.40 0.10 0.78
7(S) 5.277 12.06 0.54 0.15 0.40 0.10 0.87

28 7.746 17.41 0.81 0.15 0.40 0.10 1.20

28(F)I-  -- -- -- 0.15 0.40 0.10 --

30 3.159 9.87 0.31 0.15 0.40 0.10 0.62

30A 3.368 10.58 0.10 0.15 0.40 0.10 0.55

31** 4.348 10.67 -- 0.15 0,40 0.10 --

31A 3.453 10.13 0.44 0.15 0.40 0.10 0.71

32A 4.200 10.83 0.43 0.15 0.40 0.10 0.74

32B** 3.533 9.71 -- 0.15 0.40 0.10 --

33 3.660 9.86 0.50 0.15 0.40 0.10 0.75

33(S) 10.368 19.59 0.81 0.15 0.40 0.10 1.38

35 3.808 10.75 0.28 0.15 0.40 0.10 0.64

36 6.966 15.15 0.63 0.15 0.40 0.10 1.03

36A 5.163 12.88 0.46 0.15 0.40 O.lO 0.81

38 3.462 10.17 0.36 0.15 0.40 0.10 0.66

38(S) 10.225 17.39 0.88 0.15 0.40 0.10 1.42
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Table 7.1 (cont.)

Detail No. ]°gl C

(See Fig. B.1) m gf f _ n

40** 3.533 9.71 -- 0.15 0.40 0.10 --

42 7.358 16.98 0.83 0.15 0.40 0.10 1.19

46** 4.348 10.67 -- 0.15 0.40 0.10 --

51(V) 3.818 10.93 0.07 0.15 0.40 0.10 0.58

52(V) 4.042 11.24 0.19 0.15 0.40 0.10 0.62

Mean Value .. .. 0.62 .. .. .. 0.96

Std. Dev. -- -- 0.23 .. .. .. 0.26

* Only three test points available. Not enough data to calculate f.
** These are the estimated values.
t Data scatter makes evaluation questionable.

tt Range in lives is small--extrapolation questionable.

Notes:

B = bending stress, P = principal stress, M = mild steel, H = high
strength low alloy steel, Q = quenched and tempered steel, (S) = shear
stress on fasteners or welds, (F) = flame cut surfaces, (G) = surfaces
have been ground flush, (V) = average shear stress based on net area of
web.
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in the Miner damage rule, is estimated to be about 15% (Af = 0.15). The
coefficient of variation in the value of log c for the various details has
been examined and found to average about 37%; a value of Q = 0.40 has been
assumed (7.4). This value, as noted in the above definitions, includes the
effects of the quality of fabrication and workmanship. Based on a recent
study of weld discontinuities (7.5), it is believed that the mean data used
provide for typical welded fabrication. However, if the weld quality is
unusually poor, a further adjustment should be made in the allowable design
stress.

Finally, the uncertainty in the calculated maximum nominal stress range,
including the errors in stress analysis, must be selected or established.
It is believed that any such error will generally not be severe; in fact,
designers will often tend to err on the safe side. Nevertheless, it is
suggested that a value of 2s = 0.10 be used.

Based on the above values, the uncertainty in fatigue life was obtained
from Eqn. 7.1. The mean value for the sixty values of 6f2 the coefficient
of variation in the fatigue life data, is 0.62 with a standard deviation of
0.23. The mean value for Qnq the total uncertainty in fatigue life, is 0.96
with a standard deviation of 0.26.

7.3 Reliability Factor (Factor of Safety)

The basic relationships for the fatigue reliability design criteria
developed here have been presented by Ang (7.2) in his development of relia-
bility analysis for design. In this analysis it is recognized that the
fatigue life of a structural detail is a random variable, and it is assumed
that the distribution of life can be represented by the Weibull distribution
(7.6). This distribution is often used in fatigue for a variety of reasons
(7.8).

If L(n) is the probability of survival through a given number of loading
cycles, then

L(n) = L(n-l) [l-h(n)] (7.2)

where h(n) is the hazard function (7.7).

Assuming the Weibull Distribution for fatigue life (7.8), the hazard function
is then given by (7.7),

h(n) k k (w- -) ; k > 1.0 (7.3)

where, e = the minimum life
w = the characteristic life
k = the Weibull scale paramater

Ang (7.7) shows that the parameters w, k and c can be related to n and a ,

the mean fatigue life and its standard deviation, as follows: n
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n - =(w - ) r(l (7.4)

(w - £) [r(l+ 9 - r 2 (l + )] (7.5)

where r = the gamma function (see Fig. 7.1)

If the minimum life c is assumed to be equal to zero or very small,
the ratio of the standard deviation to the mean life is:

kr ++1an [r(l + 2~) _ r 2(l + 1)]
- (7.6)E:r(1 + 1)

or

n  (7.7)

Ang (7.2) has suggested that the shape parameter k can be approximated
by:

k = -. 08 (7.8)n

This equation is shown in Fig. 7.2 and the correlation with the appropri-
ate values of k is presented in Table 7.2. The use of this approximation
greatly simplifies the development of a simple reliability relationship.

Using the Weibull distribution and the hazard function of Eqn. 7.3,
the reliability function can be expressed as (7.2):

kL(n) = exp [_( n -)k;n > e (7.9)

=1.0 n<c

Introducing Eqns. 7.4 and 7.8, this can be written as:

-I .08

L(n) = exp n[ r(1 + .08 )]n } (7.10)

Then, for a specified probability of survival, L(n),

n = [-InL(n)]l/k [pf(n)]I/k (7.11)
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TABLE 7.2

Correlation of Approximation With Weibull Distribution

CN -1.08 -1.08

0 ca -

0.05 24.9 25.4 0.55 1.89 1.91
0.10 12.15 12.02 0.60 1.72 1.74
0.15 7.91 7.76 0.65 1.57 1.59
0.20 5.79 5.69 0.70 1.45 1.47
0.25 4.54 4.47 0.75 1.35 1.36
0.30 3.71 3.67 0.80 1.26 1.27
0.35 3.13 3.11 0.85 1.18 1.19
0.40 2.69 2.69 0.90 1.11 1.12
0.45 2.36 2.37 0.95 1.05 1.05
0.50 2.10 2.11 1.00 1.00 1.00
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and for a mean life n, 1 1

-n_ r(l4k)_ r(l+k-)
n-s [-InL(n)]l/k [pf(n)]l/k (7.12)

This ratio has been defined by Ang (7.2) as the fatigue life factor, L.

r(l+Q '1.08

YL = (7.13)

[pf(n)] n

and,
n nYL (7.14)

where, n is the required mean life that would be necessary to insure a
useful life n with a reliability of L(n) or probability of failure of
p(n). The relationships between the fatigue risk factor and the uncer-
t inty in fatigue life for various probabilities of failure are shown
in Fig. 7.3. Thus, a 90 percent level of reliability and an uncertainty
in life 0.5 would require design for a mean life equal to 2 times the
useful life. Under a constant stress range the required design stress
is then given by,

SD n (C) l  (7.15)n

or, 1/m C /m I 1/m

S0 = (-) = (-) (-) (7.16)
D nyL n Y

Designating the last term of Eqn. 7.16 as the reliability factor, RF,

1.0 1/rn
i 1/m f[pf(n)] n

RF( ) S0 (7.17)

then, the allowable design stress would be,

n / RE  (7.18)

SD S RF (7.19)
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where, 1 corresponds to the slope of the S-N curve for the member in question,
C, the intercept of the S-N curve, and S, the stress range corresponding
to the desired useful life, n. A summary of computed values of reliability
factors for three levels of reliability (0.90, 0195 and 0.99), five coeffi-
cients of uncertainty (0.40, 0.60, 0.80, 1.0 and 1.2), and for various S-N
curve slopes (m = 2 to 13) are given in Table 7.3 and Figs. 7.4, 7.5 and
7.6. An indication of the manner in which the reliability factor provides
for the desired useful life is Drovided diagrammatically in Fig. 7.7 for
constant-cycle fatigue behavior.

For a number of years a factor of safety of approximately 1.4 was used
for fatigue design of bridges. This corresponds to a reliability factor of
1/1.4 or 0.71. Based on the data in Table 7.3, a reliability factor of
approximately 0.7 corresponds to a ninety-five percent level of reliability
for an uncertainty of 0.60 and an S-N curve slope of approximately 0.22.
Such values of uncertainty and slope were representative for the fatigue
data that was available at the time and give a general indication of the
approximate reliability provided in some of the earlier fatigue design
procedures.

7.4 Variable Loading - Random Load Factor

In considering fatigue in terms of a constant amplitude stress-range,
the mean fatigue life is given by the well known S-N relationship (see
Section 2.3),

- Cn C (7.20)
Sc

However, as discussed in Section 2, such a relationship cannot be applied
directly to ship structures that are subjected to a variable or random
loading. Other relationships must be developed to modify Equation 7.20.

A relationship between a variable amplitude stress range and the
mean fatigue life, comparable to Eqn. 7.20, has been presented by Ang
(7.2, 7.9) utilizing the S-N relationship and the Palmgren-Miner linear
damage rule (7.10).

The Miner damage rule may be stated as follows (7.9),

(i) The damage contributed by one cycle of stress range si is equal
i )to ,where n(si) is the mean fatigue life under a constant amplitude,

ii(s .) 
I

stress range s.

(ii) By superposition, the total damage D caused by stress ranges sl ,

s sk applied nl , n2, nk cycles, respectively, is
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TABLE 7.3

Reliability Factors - RF

Reliability. L(n)

K 0.90 0.95 0.99

n =  Dn n- In nm=Qnn=  0n = n nn On - n On" Sn nn' On
0.40 0.60 0.80 1.0 7.2 0.40 0.60 0.80 1.0} 1.2 0.40 0.60 0. 80 1.0 1.2

2.0 .500 .691 .546 .420 .316 .233 .608 .447 .320 .224 .153 .451 .276 .170 .100 .057

2.5 .400 .744 .616 .500 .398 .312 1.671 .525 .402 .302 .223 .528 .357 .242 .158 .102

3.0 .333 .782 .668 .561 .464 .379 .717 .585 .468 .368 .286 .588 .424 .307 .215 .149

3.5 .290 .810 .708 .609 .518 .435 .752 .631 .521 .425 .342 .634 .479 .363 .268 .195

4.0 .250 .831 .739 .648 .562 .483 .780 .669 .566 .473 .391 .671 .525 .412 .316 .240

4.5 .220 .849 .764 .680 .599 .524 !.801 .699 .603 .514 .434 .702 .564 .455 .359 .281

5.0 .200 .863 .785 .707 .631 .559 .819 .725 .634 .549 .472 727 .597 .492 .398 .319

5.5 .180 .874 .802 .730 .658 .589 ;.834 .746 .661 .580 .505 .748 .626 .525 .433 .354

6.0 .170 .884 .817 .749 .681 .616 .847 .765 .684 .607 1.535 .767 651 554 .464 .386

6.5 .150 .893 .830 .766 .702 .639 .858 .781 .704 .630 .561 .782 .673 .580 .492 .415

7.0 .140 .900 .841 .781 .720 .660 .867 .795 .722 .652 j585 .7% .692 .603 .518 .442

7.5 .130 .906 .841 .794 .736 .578 .876 .807 .738 .571 .606 .808 .703 .623 .541 .467

8.0 .130 .912 .860 .805 .750 695 883 .818 .752 .688 625 819 .725 .6421 .562 .490

8.5 .120 .917 .867 .815 .763 .710 .889 .827 .765 .703 .643 .829 .738 .659 '.582 .511

9.0 .111 .921 .874 .825 .774 .724 .895 .836 .776 !.717 .659 .838 .751 .675 .599 .530

9.5 .105 .925 .881 .833 .785 .736 .901 .844 1 .787 .730 .674 .846 .763 .689 .616 .548

10.0 .100 .929 .886 .841 .794 .747 .905 .851 .796 7-41 .687 .853 .773 .702 .631 .565

10.5 .095 .932 .891 .848 .803 .758 .910 .858 .805 .752 1.699 .859 .73 .714 .645 .580

11.0 .091 .935 .896 .854 .811 .768 .913 .864 .813 .762 .711 .865 I .791 .724 .658 .595

1.5 .087 .938 .900 .860 .819 .776 .917 .869 .820 .771 .799 .670 .608

12.0 .083 .941 .904 .866 .825 .785 .921 .875 .828 .779 .731 .876 .807 .745 .681 621

12.5 .080 .943 .908 .870 .832 .792 .923 .8791 .833 .787 .741 .880 .814 .753 .6921 .633

13.0 .077 .945 .911 .875 .838 .799 .926 .883' .839 .794 1.;49 .884 .820 .761 .7021 .644
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k ni
iD 1(7.21)i I1=1 n(si.)

(iii) Fatigue failure occurs when the linear cumulative damage ratio
D is equal to unity, i.e..,D = 1.0.

A variable amplitude stress range can be considered as a random variable
S with a probability density function f (s). Then, for n cycles of the
variable stress range, the number of cycles at stress range S = s is
nfs(s) ds. Based on Eqn. 7.21, the expected cumulative damage is,

E(D) = 0nf(s) ds(.
0 A(s) (7.22)

where ;(s) = mean fatigue life under constant amplitude stress range s.

fs(s) = a probability density function representing the random
cyclic stress range.

Introducing the basic relationship of Eqn. 7.20 and equating the damage to
1.0, the damage relationship may be written,

E(D) = - C sm fs(S) ds = 1.0

e rms yields,

C C (7.24)

s fs(s) ds E(Sm)

where,

E(Sm) mth moment of-S, the randomly varying stress
range (or the expected value of Sil) (7.11)

Eqn. 7.24 represents the relationship between an applied variable amplitude
stress range and the mean fatigue life. Note that Eqn. 7.20 is the same
as Eqn. 7.24 except that thesm term is replaced by its expected value E(Sm).

c
Very little fatigue testing has been done under variable loading

conditions. In order to utilize the vast amount of constant amplitude
fatigue data (i.e.., S-N curve data) available, it is necessary to develop
a relationship between the constant-cycle and variable-cycle cases. For
a given detail, a random stress range S can be related to a constant-
cycle stress range sc with the same mean fatigue life by conbining Eqns.
7.20 and 7.24 to give the following,
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E(Sm) = Sm

or [E(Sm)] 1/m = Sc (7.25)

Eqn. 7.25 applies to any distribution of applied stress range S.
A convenient design relationship can then be developed from Eqn. 7.25
by introducing a random load factor, , such that,

[E(Sm)]I/m = o = (7.26)
T c

or so = sc (7.27)

where,

s = the maximum stress range in a random loading
that can be represented by a Beta Distribution.
(For the other distributions presented herein
the value is the maximum stress range expected
only once in 100 cyles of loading, S10-8.)

= "random load factor"

By combining the above equations, the following general relationships
are obtained,

E(Sm) =o s m fs(s) ds = (O)m = (sc m (7.28)

so so

dsl/ =(7.29)[gs m f s() [E(Sm)]l/m

0-- So s (S ]l/m

and sc 0 = /m ds (7.30)

Thus, the constant-cycle stress range representing the variable load
distribution can be represented as a function of the constant amplitude
stress range having the same mean fatigue life ; (see Fig. 7.8).

The expressions for E(Sm) and 4 for the distributions examined herein
(Section 6) are given in Table 7.4. The derivations of these formulae
are given in Appendix E. For the Weibull distribution function, the random
load factor in terms of S10.t is a function of the inverse slope m of the
S-N curve for the detail to which the loading is to be applied and the
Weibull shape parameter k:
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=(18.42) 1k[r(l+.)J 1/ (7.31)

A sununary of the random load factors for various values of m and k is
7 resented in Table 7.5 and in Fig. 7.9. These data will be used in the

design criteria developed in the next section. The appropriate values
provide a measure of the increase in constant-cycle stress range that a
given detail will be able to withstand once during a 20-yr. life (108 cycles
of loading).

7.5 Design Procedure - Examples

With the relationships presented above, a simple fatigue verification
or design procedure that takes into account the principal fatigue parameters
can now be provided. Table 7.6 shows the six steps of the procedure to be
followed to verify the adequacy of a given ship structure detail in fatigue.

In step 1 the expected loading history for the ship detail must be
established (the shape factor for the Weibull distribution selected). Some
guidance can be obtained from Table 6.5 if more complete data are not avail-
able.

In the second step the ship details at which the fatigue resistance
should be checked must be identified. The critical locations in the ship
assemblies, shown in Appendix A - Figs. A.1 through A.12, can be used as a
guide to identify the critical details in terms of the numerous local fatigue
details shown in Appendix B - Fig. 8.1.

The third step is to obtain, for the local detail, the fatigue strength
and slope of the S-N curve (this comes from Table 8.1 of Appendix B or must
be estimated).

The fourth step is to obtain the random load factor from Table 7.5 or
Eqn. 7.31, and the fifth step is to obtain the appropriate reliability
factor from Table 7.7 or Eqn. 7.17. (Since the values for each level
of reliability are relatively constant, a further simplification can be
provided by using a mean value for the reliability factor. As shown in Table
7.7, mean values of 0.67, 0.60 and 0.46 can be used for reliabilities of
0.90, 0.95 and 0.99%respectively. These data, along with their standard
deviations are presented in Fig. 7.10. The data can be represented by a
straight line and also provide a means whereby reliability factors for other
levels of reliability can be obtained.)

The mnaximum allowable fatigue stress range, (S)* is then obtained
from the following equation.

(SD) R F (7.32)

* The mxmum allowable stress range at the point in question is the
maximum peak-to-trough stress range expected once under the most severe
sea state and during the entire life of the structure.
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TABLE 7.5

Table of Random Load Factors for Welbull
Distributed Loading.

Random Load Factors for Various Weibull Shape Factors, k.

mI0.5 0.6 0.7 0.8 0.9 1.001) 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0(2

2.0 69.26 42.22 28.63 20.93 16.17 13.02 10.83 9.24 8.05 7.12 6.39 5.80 5.32 4.92 4.58 4.29

2.5 49.99 32.55 23.12 17.49 13.86 11.39 9.63 8.33 7.33 6.55 5.92 5.41 4.99 4.64 4.34 4.08

3.0 37.86 26.05 19.23 14.96 12.12 10.14 8.69 7.60 6.75 6.08 5.54 5.09 4.72 4.40 4.13 3.90

3.5 29.70 21.42 16.35 13.04 10.77 9.14 7.93 7.00 6.27 5.69 5.21 4.81 4.48 4.20 3.96 3.75

4.0 23.94 18.00 14.15 11.53 9.68 8.32 7.30 6.50 5.86 5.35 4.93 4.58 4.28 4.02 3.80 3.61

4.5 19.73 15.39 12.41 10.31 8.79 7.64 6.76 6.07 5.52 5.06 4.68 4.37 4.10 3.86 3.66 3.49

5.0 16.54 13.34 11.01 9.31 8.04 7.07 6.31 5.71 5.21 4.81 4.47 4.18 3.94 3.72 3.54 3.38

5.5 1'4. 08 11.70 9.87 8.48 7.41 6.58 5.92 5.39 4.95 4.58 4.28 4.02 3.79 3.60 3.43 3.28

6.0 12.13 10.36 8.91 7.77 6.87 6.15 5.58 5.10 4.71 4.38 4.11 3.87 3.66 3.48 3.32 3.18

6.5 10.56 9.26 8.11 7.16 6.40 5.78 5.27 4.85 4.50 4.21 3.95 3.73 3.54 3.38 3.23 3.10

7.0 9.28 8.33 7.42 6.64 5.99 5.45 5.00 4.63 4.31 4.04 3.81 3.61 3.44 3.28 3.14 3.02

7.5 8.22 7.55 6.83 6.18 5.62 5.16 4.76 4.43 4.14 3.90 3.68 3.50 3.34 3.19 3.07 2.95

8.0 7.34 6.87 6.31 5.78 5.30 4.89 4.54 4.24 3.98 3.76 3.57 3.40 3.24 3.11 2.99 2.88

8.5 6.59 6.29 5.86 5.42 5.01 4.66 4.35 4.08 3.84 3.64 3.46 3.30 3.16 3.04 2.92 2.82

9.0 5.95 5.79 5.46 5.10 4.75 4.44 4.17 3.92 3.71 3.52 3.36 3.21 3.08 2.96 2.86 2.76

9.5 5.40 5.35 5.11 4.81 4.52 4.25 4.00 3.78 3.59 3.42 3.26 3.13 3.01 2.90 2.80 2.71

10.0 4.92 4.95 4.79 4.55 4.30 4.07 3.85 3.65 3.48 3.32 3.18 3.05 2.94 2.84 2.74 2.66

Note: Values are based on a life of 10 8 cycles. For any other life N the values in this table
would be multiplied by:

(i 1/k

(18.42) /

(1) Values for exponential distribution.

(2) Values for Rayleigh distribution.
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TABLE 7.6

Design Procedure

1. I Ship Loading Choose a loading shape parameter k,I Distribution of the Weibull distribution.

2. Ship Detail 1 Identify the number designation of
Catalog the critical details. (Figs. A.1

I through A.12 of Appendix A)

3. Design (S-N) 1 Find: 1) S-N curve slope, m, of detail
Table B.1J 2) Mean fatigue stress range,

for detail.
(See Table B.1 and Fig. B.1 of Appendix B)

4. Design Find random load factor, E, based on
Table 7.5 (Eq. 7.311 k-value and m-value. (See Table 7.5)

5. Design (RF) 1 Find reliability factor, RF, based on
Table 7.3 (Eq. 7.17) m-value and ON-value for desired level

I of reliability. (See Table 7.7)

6. Design Equation Compute allowable stress range (S)
(S) = 0.R F  for probability of exceedance

Lof 10-8.
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TABLE 7.7

Sum-nary of Reliability Factors, RF, for Local Fatigue Details

(Based on Table 7.1 and Equation 7.17)

Reliability, L(n)

Detail No. m __n 0.90 0.95 0.99

1 (all steels) 5.729 1.04 0.655 0.578 0.431
IM 12.229 1.48 0.732 0.671(M) 0.549(M)

IH 15.449 1.84 0.719 0.660 0.540
1Q 5.199 0.96 0.657 0.578 0.430

1F 4.805 0.88 0.666 0.587 0.438
2 6.048 0.98 0.690 0.617 0.475

3 5.946 0.96 0.692 0.619 0.478

3(G) 6.370 1.07 0.674 0.600 0.457
4 5.663 0.93 0.690 0.616 0.474

5 3.278 0.72 0.629 0.542 0.384

6 5.663 0.93 0.690 0.616 0.474
7(B) 3.771 0.78 0.640 0.557 0.402
7(P) 4.172 0.78 0.668 0.589 0.438

8 6.549 1.13 0.663 0.587 0.444

9 9.643 1.39 0.694 0.626 0.494

lOM 7.589 1.24 0.670 0.597 0.457
1OH 12.795 1.66 0.707 0.644 0.518

lOQ 5.124 1.01 0.634 0.553 0.403
10(G) 7.130 1.25 0.650 0.575 0.431
IOA 5.468 1.05 0.639 0.559 0.410
IOA(G) -- -- -- -- --

11 5.765 0.99 0.674 0.599 0.454

12 4.398 0.75 0.695 0.619 0.474

12G 5.663 0.93 0.690 0.616 0.474

13 4.229 0.75 0.685 0.608 0.460

14 7.439 1.25 0.662 0.588 0.447

14A -- -- -- -- --

15 4.200 0.74 0.688 0.610 0.463

16 4.631 0.85 0.667 0.589 0.440
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TABLE 7.7 (cont.)

Reliability, L(n)

Detail No. m _n 0.90 0.95 0.99

16(G) 6.960 1.25 0.643 0.567 0.422

17 3.736 0.66 0.694 0.617 0.468

17(S) 7.782 1.10 0.725 0.657 0.523

17A 3.465 0.67 0.670 0.588 0.435

17A(S) 7.782 1.10 0.725 0.657 0.523

18 4.027 0.88 0.615 0.530 0.374

18(S) 9.233 1.26 0.715 0.649 0.519

19 7.472 1.27 0.658 0.583 0.441

19(s) 7.520 1.27 0.659 0.585 0.444

20 4.619 0.92 0.639 0.557 0.405

20(S) 6.759 1.22 0.644 0.567 0.422

21 (1/4") 14.245 -- -- -- --

21 (3/8") 15.494 -- -- -- --

21(S) 7.358 1.19 0.676 0.604 0.464

22 3.147 0.62 0.670 0.587 0.432

23 3.187 0.55 0.600 0.535 0.411

24 3.187 0.55 0.600 0.535 0.411

25 7.090 1.14 0.681 0.608 0.468

25A 8.518 1.32 0.679 0.609 0.472

25B 6.966 1.03 0.709 0.640 0.504

26 3.348 0.82 0.586(m) 0.496 0.336

27 3.146 0.78 0.586(m) 0.495(m) 0.335(m)

27(S) 5.277 0.87 0.694 0.620 0.477

28 7.746 1.20 0.687 0.616 0.478

28(F) -- -- -- -- --

30 3.159 0.62 0.671 0.589 0.434

30A 3.368 0.55 0.724 0.650 0.506

31 4.348 -- -- -- --

31A 3.453 0.71 0.649 0.565 0.409

32A 4.200 0.74 0.688 0.610 0.463

!B 3.533 -- -- -- --

33 3.660 0.75 0.646 0.562 0.407
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TABLE 7.7 (cont.)

Reliability, L(n)

Detail No. m Qn 0.90 0.95 0.99

33(S) 10.368 1.38 0.714 0.650 0.522

35 3.808 0.64 0.709 0.633 0.488

36 6.966 1.03 0.709 0.640 0.504

36A 5.163 0.81 0.711 0.639 0.498

38 3.462 0.66 0.675 0.594 0.441
38(S) 10.225 1.42 0.702 0.635 0.505

42 3.533 -- -- -- --

42 7.358 1.19 0.676 0.604 0.464

46 4.348 -- -- -- --

51(V) 3.818 0.58 0.738(M) 0.667 0.528

52(V) 4.042 0.62 0.732 0.661 0.521

Mean Value -- -- 0.674 0.598 0.455

Standard Deviation 0.0345 0.0384 0.0437

Note:

M = Maximum value

m = Minimum value
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This relationship, using Tables B.1, 7.5 and 7.7, is based on a desired
life of 1O cycles. For any other life the values of random load factors,
as noted in Table 7.5, would need to be modified.

A design example for a beam bracket with four structural details is
presented in Fig. 7.11. In this instance, the Weibull shape factor for the
loading history, k, was taken as 1.0, and the desired level of reliability
was assumed to be equal to 90 percent. The resulting maximum allowable
bending fatigue stress range at the deck-bulkhead intersection (detail 39B)
is found to be 32.9 ksi. (The mean value of the reliability factor (from
Table 7.7) was used in this case.) This maximum stress range provides only
for fatigue; in addition, the maximum stress must not exceed the nominal
permissible stress permitted once by the basic design rules (7.13). For
detail number 7, at the toe of the stiffener weld in the web and flange,
the maximum allowable bending fatigue stress range is 40.1 ksi for a 20-
year life.

Similar calculations can be made for the other details (No. 37 and 38)
and for other levels of reliability. A summary of such calculations is
presented in Table 7.8 and shows the effect of a variation in desired level
of reliability on maximum fatigue stress range.
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Ship Assembly IAI -Beam Bracket

/\39 B

3837

Detail No. (S)108 m
(See Fig. B.I) (See Table B.)

7 7.2 3.77 Reliability -0.90
39 B 5.9 Est. 4.0 Est. Weibull Dist. k = 1.0
37 5.0 Est. 3.7 Est.
38 4.2 3.46

A. Considering Deck Plate - Detail 39B

(S)10 = 5.9 ksi Est. m = 4.0 Est. (Table B.1 or Estimated)
Reliability Factor = 0.67 (RF) (Table 7.7 or Eqn. 7.3)
Random Load Factor = 8.32 () (Table 7.5 or Eqn.7.31)
Max. Allowable Stress Range = 5.9 x 0.67 x 8.32 = 32.9 ksi
(The Maximum Stress Not To Be Greater Than the Nominal
Stress Permitted Once During the Ships Lifetime)

B. Considering Stiffener Detail - Detail 7

(S)10 = 7.2 ksi m = 3.77
RF = 0C6 4 C=8.70
Max. Allowable Stress Range = 7.2 x 0.64 x 8.70 = 40.1 ksi
(The Maximum Stress Not To Be Greater Than the Nominal
Stress Permitted Once During the Ships Lifetime)

Fig. 7.11 Design Example.
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8. SUMMARY AND CONCLUSIONS

This report presents a simple design procedure that has been developed
to provide for fatigue strength verification in ship design. The criteria
provide for:

(a) A large variety in ship structure details (Appendix A).
(b) The basic fatigue resistance of numerous welded details

(Appendix B).
(c) A distribution function that can be used to represent the

long life loading (108 cycles--20 years) for various types
of ships (Chapter 6).

(d) A random loading factor that accounts for the randomness of
the entire loading history during the life of the structure
(Table 7.5).

(3) A reliability factor (factor of safety) that accounts for the
many uncertainties that exist (Table 7.7 or Fig. 7.10).

The values of maximum allowable fatigue stress range obtained in the
design examples appear to provide an excellent calibration of the procedure,
based on the past performance of such details in the ships at sea. It is
important to note that in the application of these design criteria, it is
essential that the direction of stressing be the same for the "local fatigue
detail" and of tne "ship detail" being considered. Additional studies and
evaluations now should be made of those details at which fatigue failures
have developed to further evaluate and calibrate the procedure. It should
be possible also to use the procedure to develop relative fatigue ratings
for the many details used for ship structures.

In addition to a more extensive verification of the adequacy of the
basic criteria, needs exist for further information and data to make the
criteria more complete. These needs include the following.

(a) Stress histories for more ships and types of ships for the critical
details and locations in these ships. These loading histories
must include all loadings to which the details are subjected,
including the effects of local loadings. Measures of the uncer-
tainty or variability in these stress histories are also needed.

(b) Data are required to provide for the development of reduction
factors to account for the effects of corrosion from the sea or
shipboard atmosphere on the long-time fatigue resistance of the
ship details.

(c) Further laboratory studies should be planned to obtain the fatigue
behavior of those details for which the basic fatigue resistance
is most critically needed (see Table 5.1).

(d) The basic fatigue data for the various local fatigue details
*should be further up-dated to include as much of the latest

fatigue data as possible.
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Appendix A

Catalog of Ship Details and Assemblies

This catalog of ship details and assemblies has been taken directly
from references A.1 and A.2. The local fatigue details of Appendix B are
identified on the sketches by the numbers at the solid or open circles.
The details are identified individually by the family numbers, a sub-family
letter, and the circled individual detail or assembly number; i.e., lAl,
1A2, . .. , 12F5.
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Fig. A.1 Beam Brackets Details, Family No. 1.
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Fig. A.I Beam Brackets Details, Family No. I (Cont.),
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Fig. A.1 Beam Brackets Details, Family No. 1 (Cont.),

CORNER (Cont'd)
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Fig. A.1 Beam Brackets Details, Family No. I (Cont.),
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Fig. A.l Beam Brackets Details, Family N~o. 1 (Cont.),

END

K. 7~7 r 21fl-
2634i 26 3434 21,301 21,30 21,301

34S 1i

3 2,3 34,34SS 33,33S
34 3~i~l 34,34S~4 .~~jj

2N 26,3

26 26 3021 30.21,191,26

23022330 30 020,2

2021 20.1 33

0

21,33

1 300 30 30 0 3

300



Fig. A.l Beam Brackets Details, Family No. 1 (Cont.).
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Fig. A.2 Tripping Bracket Details, Family No. 2.
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Fig. A.2 Tripping Bracket Details, Family No. 2 (Cont.),
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Fig. A.2 Tripping Bracket Details, Family No. 2 (Cont.).

7 7 7

251 22630 25 303 5828

7 7 77 ( 2 1 , 3 0-_%1%0 ,2 
1 , 302%1 2121 .0

21,3

2 3 5, 22 53 2 5 8

77 77

1 
008

21,30 N 13 13 130

38~ 28 0725 2 21,3 2 5B,0

5A 2,025L 03 21l,21

410

30A 0 2130 1 37 2 R1 1.3



Fig. A.3 Non-Tight Collar Details, Family No. 3.
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Fig. A.3 Non-Tight Collar Details, Family No. 3 (Cont.).
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Fig. A.4 Tight Collar Details, Family No. 4.
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Fig. A.4 Tight Collar Details, Family No. 4 (Cont.).
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Fig. A.5 Gunwale Connection Details, Family No. 5.
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Fig. A.6 Miscellaneous Cutout Details, Family No. 7.
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Fig. A.6 Miscellaneous Cutout Details, Family No. 7 (Cont'd).
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Fig. A.7 Clearance Cutouts Details, Family No. 8.
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Fig. A.8 Deck Cutout Details, Fe-ily No. 9.
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Fig. A.9 Stanchion End Details, Family No. 10.
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Fig. A. 9 Stanchion End Details, Family No. 10 (Cont'd).
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Fig. A. 9 Stanchion End Details, Family No. 10 (Cont'd'
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Fig. A. 9 Stanchion End Details, Family No. 10 (Cont'd),

C. Cont'd
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Fig. A.lO Stiffener End Details, Family No. 11.
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Fig. A.10 Stiffener End Details, Family No. 11 (Cont'd).
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Fig. A.11 Panel Stiffener Details, Family No. 12.
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Fig. A.ll Panel Stiffener Details, Family No. 12 (Cont'd).
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Appendix B

Fatigue Properties of Local Fatigue Details.

A catalog of the local fatigue details, each of which is numbered
individually, is presented in Fig. B.1. The mean fatigue resistance of
each of these details, as obtained from a least squares regression analysis
of available data, is presented in Table B.1, along with the slope of the
straight line S-N curve. The S-N curves from which the fatigue data has
been obtained are presented in Fig. B.2.

127



TABLE B.1

Mean Fatigue Strength for Range of Fatigue Details in Fig. B.l
(Constant Cycle - 0.50 Reliability)

S-N Stress range, ksi, for n cycles
Detail No. curve

(See Fig. B.l) slope, m n=10 5  n=l0 6  n=10 7  n=10 8

(100,000) (1 mill) (10 mill) (100 mill)

1 (All Steels) 5.729 69.4 46.5 31.1 20.8

IM 12.229 46.2 38.3 31.7 26.3

lH 15.449 56.3 48.5 41.8 36.0

IQ 5.199 80.6 51.8 33.2 21.3

I(F) 4.805 67.1 41.5 25.7 15.9

2 6.048 61.5 42.0 28.7 19.6

3 5.946 44.6 30.3 20.5 13.9

3(G) 6.370 44.9 31.3 21.8 15.2

4 5.663 42.5 28.3 18.8 12.5

5 3.278 26.3 13.0 6.4 3.2

6 5.663 42.5 28.3 18.8 12.5

7(B) 3.771 44.8 24.3 13.2 7.2

7(P) 4.172 35.5 20.4 11.8 6.8

8 6.549 55.8 39.2 27.6 19.4

9 9.643 32.6 25.7 20.2 15.92

lOM 7.589 34.1 25.2 18.6 13.7

lOH 12.795 43.2 36.1 30.1 25.2

lOQ 5.124 48.9 31.2 19.9 12.7

1O(G) 7.130 47.1 34.1 24.7 17.9

1OA 5.468 47.1 30.9 20.3 13.3

1OA(G) -- -- -- -- --

11 5.765 33.2 22.3 14.9 10.0

12 4.398 33.2 19.6 11.6 6.9

12(G) 5.663 40.8 27.2 18.09 12.05

13 4.229 48.3 28.0 16.3 9.44

14 7.439 40.6 29.8 21.8 16.03

14A -- -- -- -- --

15 4.200 24.4 14.1 8.2 4.7

16" 4.631 32.8 19.9 12.1 7.37

16(G)* 6.960 32.8 23.6 16.9 12.2
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TABLE B.1 (cont.)

S-N Stress range, ksi, for n cycles
Detail No. curve

(See Fig. B.l) slope, m n=10 5  n=10 6  n=10 7  n=l0 8

(100,000) (1-miI) (10 mill) (100 mill)

17 3.736 27.8 15.0 8.1 4.4

17(S) 7.782 28.2 21.0 15.6 11.6

17A 3.465 30.4 15.6 8.0 4.1

17A(S) 7.782 28.2 21.0 15.6 11.6

18 4.027 20.3 11.5 6.5 3.6

18(S) 9.233 25.7 20.0 15.6 12.2

19 7.472 23.1 17.0 12.5 9.2

19(s) 7.520 27.5 20.3 14.9 11

20 4.619 26.5 16.1 9.8 5.9

20(S) 6.759 27.5 19.6 13.9 9.9

21(1/4"weld) 14.245 33.5 28.5 24.2 20.6

21(3/8"weld) 15.494 21 18.1 15.6 13.4

21(S) 7.358 42.4 31.0 22.7 16.6

22 3.147 39.8 19.2 9.2 4.4

23 3.187 35.4 17.2 8.3 4.1

24 3.187 35.4 17.2 8.3 4.1

25 7.090 33.2 24.0 17.4 12.5

25A 8.518 49.9 38.1 29.1 22.5

25B 6.966 28.6 20.6 14.8 10.6

26 3.348 34.0 17.1 8.6 4.3

27 3.146 25.0 12.0 5.8 2.8

27(S) 5.277 21.8 14.1 9.1 5.9

28 7.746 40.1 29.8 22.1 16.4

28 (F)tt -- 29.3 -- -- --

30 3.159 34.7 16.7 8.1 3.9

30A 3.368 45.6 23.0 11.6 5.8

31 4.348 20.16 11.87 6.99 4.12

31A 3.453 30.6 15.7 8.1 4.1

32A 4.200 24.4 14.1 8.2 4.7

32B 3.533 21.5 11.21 5.84 3.04

33 3.660 21.3 11.4 6.1 3.2

33(S) 10.368 25.5 20.5 16.4 13.1
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TABLE B.1 (cont.)

S-N Stress range, ksi, for n cycles
Detail No. curve

(See Fig. B.1) slope, m n=10 5  n=l 6  n=10 7  n=1 8

(100,000) (1 mill) (10 mill) (100 mill)

35 3.808 32.4 17.7 9.7 5.3

36 6.966 28.6 20.6 14.8 10.6

36A 5.163 33.6 21.5 13.8 8.8

38 3.462 31.1 16.0 8.2 4.2

38(S) 10.225 16.3 13.0 10.4 8.3

40 3.533 21.5 11.21 5.84 3.04

42 7.358 42.4 31.0 22.7 16.6

46 4.348 20.16 11.87 6.99 4.12

51(V) 3.813 35.9 19.6 10.8 5.87

52(V) 4.042 34.9 19.8 11.2 6.32

t Data scatter makes evaluation questionable.
tt Range in lives is small - extrapolation questionable.

* Partial penetration groove weld.

Note:
(B) = bending stress, (P) = principal stress, M = mild steel, H = high

strength low alloy steel, Q = quenched and tempered steel, (S) = shear
stress on fasteners of welds, (F) = flame cut surfaces, (G) = indicates
the surfaces have been ground flush, (V) = average shear stress based on t
net area of web.

The values for details 21, 30A, 51 and 52 were obtained from the
tests reported in Appendix F.
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Fig. B-1 Structural Fatigue -Details.
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Fig. 8.1 Structural Fatigue -Details.

131



32

258B~

32 A
38(S)-38

Q) 32 B

27 (S)-27
(Slot or Plug Welds) C

Q 32C

28(F) -28

33(S)-33 39A

29(F)- 29 3 39B
29RI (Radius = 1/4"to /2") 34(S)-34
29R2 (Radius = 1/2"to I

35

303

30A

36A

31

42

31 A 37(S)-37

Fig. B.1 Structural Fatigue- Details (Cont.),
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Fig. B.1 Structural Fatigue - Details (Cont.),

133



-4--4+ H-- it+-i-i+ T-P+t- --

- -'--49 '-.

I 2-1

Li - i

I-1

Li

7 t)
T t

"1 
1,

It t

134)

. o lki ,



-lfhT V J !I*TI I 1 1

IxO

- z r

"7 7)

T -z

-j J CE 4

LiI

0>~ 0

IA

+ 4-)

4.)

c cc
in

zzI r!1 xxI - .
/ n

EF z

cc. 0

j CE

E~LI to10

7+ -- 4c4

-i

135



T I I I I I T- -

(nIt

-n -7

0 0

CE 41'

0 -0

0' Z -

- 4-

A - ~ (A

tn -p

04

4.,

19 4 30NbWSS3W0

136~



T

--

60 U
EU -~ 4l~,a"~ 

E

- D ~ ~ --
4

-4-- 
4..co

:Z Z ,~ -D

.4-,

-I a)

4- 

1

a 4..

44-

cr 1w,

lo !

Z LL.

-~ 4.)

ApU

EUr

4>J- 
I, 4

i S 111 -3 N Wt i S S I I 
-

137



Ifl fw
F,'~M

.~N9 4 ~K U? I
L Oil,

£4 i ii C

- ~ i~'17
OR, ,~

CC61,~'

q -,- 4-o

41 '

f Eu

q, ,Rt to_

-4- -

4.
15u

a n,

4.^-



In

0 , -0 ,

cu . - 0 C%

C C1

- -

iII, N

t 4.)

cc -4

4L "- >

-A-
C3 CD'

za
a. -~ 0

I~- 8R ]ewJ S I991 J2j

I, In
,LJ 7

f I.LI

N,--+4i+ -4 4 -- 4 - i 4 ;

139i



_j jj -

f Ij

4' 4J

Ljfr

- 4I

- ~ -j7

-LL il-

litt

7

14



; -f-±--,-. , f4-- 4 - --

_i,4J 4.) _.

• ,, ._ i .. .

10 4J

i7LL

J 4-2

%4- o 022~t : " :.:'',:t

I -- ::£ -

T / i

/, +' J ' .- . -

ti 8 S S 3ki i < i

41 441

('u cj*

T T ' a-"z II

U.;'ON SIb . '-v ' ]',l qL_

.... .. , , , .. . - -',;' = "i li- .. .. - . .0-*:: - , i i , : , .



±4-- H+~ 4' f--- i-1---lff------+-+

im I,

(r " C;

'-, 0 --

liD 40

LII

142?



- j M x- 1

2 1 4'

I, -J

000

f- 4

'IO4, -, - -

143- E



-f -iK4f -

it.

.
39

T 
4--

On -4.-u

.4~)

WIN a1 

..

LLJI

4-

IS 'N W SIS

V ii T144



t~~ 14++ 
1 5 , 1

I IiQ

,j _ 2 
I_- 

. "i , 
.

//, / 
.

"20

4'5-

-- 'i I, 
Z 

1" t ' t 
e- 

'4-- 
-- -J , -- ! - - -9 I -

II 
I0 4-)

(,-9,-- I ' 
( iT

t..riwiiC i i 417ju7;2CP

03

r 
4-

T- 
(. I", = "(

t 
Cto

1'_' -

LSf' 
:l'nN . -ib

145

-4-

Lo q-I 
-1 z

-4 

El.

7 =~

145



.54 -.. 94r-. 4 -- 4--. gL...,,..,..., ~ a ~ j -- 43

- I

7. T x

N ~

N.-- 'Nt

N -'"

- -~ LI)
'.0 -N

I: I-
4- N. r C\J

-N C

A, - - . 0
-C- . 2 'nt

I T - -

0 - N

4~3 ~ 4.)
-4- C -- - 0)

/4 A? -N- C

0 4'

4~3

- 0

EU

4-)

0)
C

(0

.4* -. N - 4.-, -. N - -. - .4~)

*45 1L4. 4

(0 -- 0' 4.3
:5 0' -

' -4-u . .
- ~N-~1 *- 1-

o
-r --- -

r Is _ .. C/)
0)

--

D I II I "1.4~ .
r -j-- I -1- 0 4 -- -~ (~)

gq~4E -4'.± - g I

.404t -
I:

- LA r- ~
I c-%.j CJt'z

N
0 

I

0 a -u-

/, r C -- rL.i~
tN ,. - I~ -N- -

.9-. - --

EU A,V -N- 'U
/I * CD w - 4.3

0)
-J - C

S.)

S i I

N - 3
I -

.4 - - U

0 300 4 4 -, , '3 4'

i..A %NJd S<flU1 .2~ I , ~' -*' 4

146



-T

L L. 00
Crn

4J

0))

14*-

U- F

1474



- 4-,

C - - 7 [ I

I4J

* I -

- - / -

4- t z;!

± I+

n

" + -r . . . . .. . . .. . . . . " I 
' 

-
' 

" .. . - 4.."-).. .

I 4

a Li

.. . . . .. ..

148.



wT

a: r z2

--

/1D 4 .)

-4-

I SA '3N'VS 3 I

zz

zz

4- C-C T

-+U Z 

(! Ij*Lnf

1494

C V) 
*o. -8



444-L4,

co1~

IMI

TT

1~ 0

* rr

0 0

- M L

t -to

4- 4 fl

CD a )

150~



.n . ........

al i iii i i4.

cc C

I I

z 0

- -CD

LO C C C

- +;It ~
tA~t iD

--. 1 1 T I I I

:t i- 0 0'

-p -J
clQ

V) Lr ()

G CD

C CF

-~C- C C --

04> '3NCoSI
IS~4 qJNr LO~L

cc 0
L,; 7.
cc-

L fIf 1 -- i i if4 4 H I1 11 IH 1

IIA~~~~~~ '3ND jS11 IA'0~iSRI



Appendix C

Examples of Cracking in Ship Structure Details
(Details from Ref's. C.1 and C.2)

This appendix presents examples of cracks on various types of
failures observed in ship structures. The locations at which the cracks
initiated have been circled. Such information will help greatly in
identifying those locations at which fatigue must be considered in
design. Where possible, the local fatigue details at the crack locations

have been identified.
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APPENDIX D

Determination of Weibull Distribution to
Fit SL-7 Scratch Gage Data
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D.1 Determination of Weibull Parameters k and w

The principal need is to find the Weibull distribution that has the

same mean peak-to-peak stress value and coefficient of variation as the

SL-7 stress histogram in Fig. D.l. (This histogram represents the maximum

peak to minimum trough stress that occurred during more than 36,000 four-

hour sampling periods in five data years of operation. It has been assumed

that this distribution is representative of ship stress history during a

life time of 108 cycles.)

The mean and standard deviation of the data in the loading histogram
of Fig. D.1 were found to be 4.397 and 3.772, respectively. Thus, the

coefficient of variation is
6 3.772 0.858

14 4.397

u) 30

a) : 4.397
ao :3.772

o 20. "  8 0.858

0 10

69 -Weibull k1. 2, w 4.674

0 10 20 30 40

S
(Max. Peak-to-Trough Stress, ksi)

Fig. D.1 SL-7 Scratch Gage Data with Corresponding
Weibull Distribution (6.10).

The expressions for the mean and standard deviation for the Weibull
distribution are (from Table 6.4),

S  r(l + (D.1)

aS2 (0 2

It follows that the Weibull coefficient of variation is,
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as  _ [r (1 + ) r2 (Il
[ k k (S Dr(l.+.) (0.3)

S 1S 1 -

It should be noted that the coefficient of variation is a function
of the Weibull shape parameter k. Eqn. (D.3) is given in graphical
form in Fig. D.2 and in tabular form in Table D.l for values of k in the
range of 0.5 to 4.0.

4 1

3

.k

k 07
OD

01l 0 1 do
0

0 0.5 1.0 1.5 2.0 2 5

Coefficient of Variation, 8

Fig. D.2 Coefficients of Variation for Weibull Shape Parameter, k.

The Weibull shape factor k which corresponds to the SL-7 coefficient
of variation of 0.858 is found to be approximately 1.2 (from Fig. D.2 or
Table D.1). The Weibull parameter w can be determined by substituting the
shape parameter k = 1.2 and the mean value of the load histogram i = 4.397
into Eqn. D.l,)

W 4.674 (D.4)
r(1 )
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TABLE 0.1

Table of Weibull Shape Parameter
Values and Corresponding Coefficients

of Variation

Weibull Shape Parameter Coefficient of Variation
k 6

0.5 2.236

0.6 1.758

0.7 1.462

0.8 1.261

0.9 1.113

1.0 1.000

1.1 0.910

1.2 0.837

1.3 0.776

1.4 0.724

1.5 0.679

1.6 0.640

1.7 0.605

1.8 0.575

1.9 0.547

2.0 0.523

2.5 0.428

3.0 0.363

4.0 0.281
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The frequency diagram corresponding to the SL-7 data is shown in
Fig. Dl along with the Weibull distribution determined above. The Weibull
distribution shows excellent agreement with the actual data.

D.2 Estimation of Slo_8 for Weibull Distribution

It should be noted that each stress range in the scratch gage data
represents the maximum peak stress to the maximum trough stress which
occurred during a four-hour sampling period and corresponds to one "occur-
rence."

If it is assumed that the average wave period is 7.5 seconds. The
number of load cycles experienced by the ship in one occurrence is 1920.
The number of occurrences corresponding to one ship lifetime of 108 cycles
is approximately 52000. The maximum stress range expected in a ship life-
time of 108 cycles, designated as Si_ 8 , would correspond in this case to
the stress range with the probability of exceeding 1/52000 occurrences.
Hence,

QS (S10-8 ) - 52000

1 - Fs(Slo 8 ) = (52000)
-l

510-8 k (52o 1

1 J1 exp[-( - ] (20)

S = w[ln(52000)] 1/k (D.5)

Substituting k = 1.2 and w = 4.674 (from Section D.1) into the hove euqa-
tion yields,

1/1.2
S1o_8 = 4.674 [ln(52000)] = 34.11 ksi

Thus, the maximum stress range to be expected during the life of the ship,
based on the empirical data available and the assumed Weibull distribution,
is approximately 34.1 ksi.
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APPENDIX E

Derivation of E(Sm) and

The random load factor (E) approach for dealing with variable loading
in fatigue design is developed in Section 7. This appendix presents the
derivations of the relationships for the E(Sm ) and expressions summarized
in Table 7.4.
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E. Weibull Distribution

The probability density function of the two-parameter Weibull distri-

bution (E.1) is,

fs(S) = k s)k-l exp[_(s)kS w'w- w )  ; s_ EI

fs(s) = 0 ; s<O

where,
k = shape parameter

w = characteristic value of S

The mth moment of S is determined as,

E(Sm) = osmf s(s) ds

CO m k,,s k-I sk
= fo s() ( , exp[-(s)] ds

Skwm .sm+k-ep[_(s_) k ] ds
= o (W) e w w(E2

Eqn. E.1 can be evaluated by employing the following integral form (E.2),

j x exp(-x )dx = (E.3)bo b

and substituting the following,

a = m+k-I

b=k

x = s/w

dx = ds/w

into Eqn. E.2. This yields,

E(Sm) : kwm[ m+k +1

m

wm( + 1) (E.4)
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The stress range SlO_8 is, by definition, the stress range at which

the probability of exceedance is 10-8 , i.e.,

Qs(SIo-8) = 10- 8

I- Fs(S 10-
8 ) = 10-8 (E.5)

Substituting the following expression for the Weibull cumulative

distribution function (E.1),

Fs(s) = 1 - exp[-() k ]

into Eqn. E.5 yields,

exp[-(- ) ] = 10

SI0____-8 k
w(SI-- ) k = 18.42

w = (18.42) - s  -8  (E.6)

By substituting Eqn. E.6 into Eqn. E.4, the following expression

for the mth moment of S is obtained,

E(Sm) ( 18 . 4 2 )-m/kso_ 8 NT +1) (E.7)

The random load factor is obtained by substituting Eqn. E.7 into

Eqn. 7.29 of the text (for Weibull distribution s0 is replaced by S10-8),

S1 0-8

h [(18 .4 2 )-m/k lo 8 r(- + 1)] /im

= (18 .42 )/k [F(I + )I-/m (E.8)
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E.2 Exponential Distribution

The probability density function of the exponential distri Ut: ,r.

(E.3),

fs(s) =-- exp[-(s)]; s 0
e e

f s(S) 0 ; s.- 0

where,
S= mean value of Se

By inspe Lion of Eqns. E.] and E.9, it can be seen that tne ex;cnt-r,'<,

distribution is a special case of the Weibull distriLttion where,

w = e

e k~~l E. 9 ,

Thus, the E(Sl) and [ expressions for the exponential distribution

may be obtained by substituting Eqns. E.9 in the appropriate expressions

for the Weibull distribu ion.

Hence, the E(Sm ) and F expressions for the exponential distribution

are obtained from Eqns. E.7 and E.8, respectively.

E(Sn) =m (1842)-m (1 +m)

= 18.42[-(1 +m)] -/l.

E.3 Rayleigh Distribution

The probability density function of the Rayleigh distribution is5..

f (S) 2s exp[-( s )2(.; s0

SRMS RMS

fs(S) j s 0
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where

s RMS = root-mean-square value of s

By inspection of Eqns. E.l and E.12, it can be seen that the Rayleigh

distribution is a special case of the Weibull distribution where,

w = s RM (E.12a)

k = 2 (E.12b)

Hence, the E(Sm) and E expressions for the Rayleigh distribution are

obtained from Eqns. E.7 and E.8, respectively.

E(Sm) =m S -,(18.42)-m/2r(l+jm (E.13)

11-18.42 [r(l + )] lM (E.14)2

EA4 Shifted Exponential Distribution

The probability density function of the shifted exponential distribution

is (E.3).

fS(s) = -I1 x[ Sa] sza
Xe Xe

f'(s) = 0;s<a (E.15)

where
X= mean value of S

a = lower limit of S

The mth moment of S is determined as follows:

f(m '0 f~Sm(s) ds

= .rm exp[( (s-)) ds-r e e
I lex (a) Js Mexp(- 3s)ds (E.16)
Xe e e
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Eqn. E.l6 can be evaluated by employing the following integral form (E.4),

f kb bx k ebXnfxe 2.x e( 1_)n k! x (.17
n=0 (k-n)! b~~ (E.1

where k is an integer value. Substituting the following:

k m (valid for integer values of m)

b - I
e

x= s

dx =ds

into Eqn. E.16 and utilizing the integral form in Eqn. E.17 yields,

1 rn-n
E(Sm) = -exp(A-i) exp(--L) (_,1)n m! s

e e e n0O (rn-n) ! (-T~)n
e a

=1 ax(! A ex(-L m M -

Xe e e n=0 (rn-n)! An a

1 - exp(-2-)[lIim x exp(--) , mn! x n mn
xe Ae s-- ee n -0 T--T

[x eexp(X-) M a, n a m-n] (E.18)
e e n-1O0(rn--n)! e

By L'Hopltal's rule (E.5), the limit termi in Eqn. E.18 vanishes. Thus,

E(Sm) = ex (-exp(--) ~ m M narnn
A e e e- (rn-n)! ea
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m M! n aw-n (E. 19)
n: (rn-n)! e

The stress range S1o-8 is, by definition, the stress range at which

the probability of exceedance is 10-8, i.e.

Qs(SIo8) = 10
-8

or I - Fs(slo 8) = 10-8 (E.20)

Substituting the following expression for the shifted exponential cumulative

distribution function (E.3),

Fs(s) = 1 - (s-a
S e

into Eqn. E.20 yields,

exp[-( S10 -8-a j 
0e

Ae

S1o'8-a =18.42!

e!

X S10 8-a (E.21)e =  7 .2 "

By substituting Eqn. E.21 into Eqn. E.20, the following expression

for the mth moment of S is obtained,

E(Sm) m m! S1o8a n amn (E.22)

A closed form solution for the random stress factor may be developed by

Introducing a new parameter a such that,
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a a Slo_8

and substituting this expression into Eqn. E.22,

m m! S10-8" S10 -8 n
E(Sm) = n~oIimF-T! . 18.42 )

-n0 M! ( 1 -L n m-n mE = - 18.421 slO-8

s nO n-n)! (18. 42 )-n(1 O )n m'n]  (E.23)

The random stress factor is obtained by substituting Eqn. E.23 into

Eqn. 7.29 of the text (for shifted exponential distribution so is replaced

by S10-8), SI08

{Sl0 -8 1 0 M-! (18.42 )n(1-)n m-n] 1/

S(18.42)n(-)n m-nf-/m (E.24)
n=O

where,

a
S10 - 8

m = integer

E.5 Lognormal Distribution (Ref. E.7)

A random variable Y may be introduced such that,

Y - n S (E.25)

If S is lognormal with mean pS and coefficient of variation 6S 9 then Y
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is normal (E.3) with a mean of,

anXaine = Zn jiS (E.26)
2=2

2 n(l+ 652 (E.27)

Eqn. E.25 may be transformed as,

S e

E(Sm) =E(emy) (E.28)

Recognizing that E(e my) is the moment generating function of the normal

variate Y (E.1), the m th moment of S may be expressed as follows,

E(Sm) = exp(mx+l-m2 C2) (E.29)

By substituting the expressions for X and , Eqns. E.26 and E.27, respectively,

into Eqn. E.29, the mt moment of S may be expressed in terms of the mean

Pand coefficient of variation6S

E(Sm) = exp~m tn Ps- 2 tn6+1+! 2  2

!mt2(+ )f"F 2 tn(6 + )]/
=exp[tn Ps 2 m/2a m2/

Im -M2 2 lm2/2
- IS(6~l) (6 S+)

= 11(l +6)

a14( +S) (E.30)

The stress range S10..8 is, by definition, the stress range at which

the probability of exceedance is 10-89 i.e.,
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P(S1 0 -8<S<o) = 108

For lognormal S, the S10-8 value may be determined as follows (E.3),

tn S10 -8-A -

Zn 10 ~A ~l~l10 8

X t 1n 0- 5.60 C(E.31)

where O'(x) is the standard normal probabilty function. Combining Eqns.

E.31 and E.28 yields,

1 2

tn S10-8 - n pS = 5.6  2~

S108 = 115 exp(5.60 C- C2] (E.32)

Substituting Eqn. E.29 into Eqn. E.32 yields,

510-8 VSP exp[5.60 ______-___ n~l+ 2)

=~ ~ 2 S L~l6)

p(I + 62 exp(5.60 _______6S_)

or (1Ps ~ l- (.3
(1+6S) ex p[C5. 60 fnI+S)(.3

By substituting Eqn. E.33 into Eqn. 30, the following expression for

the m th moment of S is obtained,
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E S ' 8 ~ 0 (1 + 6~) + %(m-l)exp.. 5.60m tl

= S?8( )m'/2 exp[-5.60m Itn(l + J] (E.34)

The random stress factor is obtained by substituting Eqn. E.34 into

Eqn. 7.29 of the text (for lognormal distribution so is replaced with

$ I 0 -8 ) , 
1 -

m ~ .2m2/2 Yn1+-6-2--"1/m
{$10_8 (1 + 6~ exp[-5.6m Ft O ')J)

0+ ~1 62f) exp[5.60 F l 62) (E.35)

E.6 Beta Distribution (Ref. E.6)

The probability function of the beta distribution with lower limit

0 and upper limit So0 is (E.3),

I s q-l (So-s )r i
fs(s) = B-__ Sq0 - ; o<S<So

s B(q,r) S q+r- 1 - 0

= 0 ; elsewhere (E.36)

where B(q,r) is the beta function, and is related to the gamma function

as (E.3),

B(qr) (E.37)

The mth moment of S, therefore, is

M I s m s q-1 ( So6s)r
'I

E(SW) B(qr o sq+r-l .ds

0
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= 1 oS sm+ q- l(Sos)r-lds

B(q,r) Sq+r- 1'0
0

substituting x = and dx = in the above equation, after algebraic

simplification, results in the following,

S mE(m) 0 1om q- (1-x)r' ldx (E.39)E(Sm) = 0 fl xm + E. 39
Bqr) fo

But the integral is B(m+q, r) (E.3); hence,

E(Sm ) =B(q+m,r) m m rr(m+q)(q+r) (
B(q,r) S0= o r(q) r(m+q+r) I

The random stress factor is obtained by transforming Eqn. E.40 into

the form of Eqn. 7.29 of the text,

SO

=rT(m + 9)r(q+ r j}l/moLr(q)r(m + q + r)i

rr(q) r(m + q+ r~l/~rX9 (nis~r1l /m(E.41)
Lr(m+ q)r(q+r)
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Appendix F

Report of Fatigue Tests

Details 21, 30A, 51 and 52
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A limited number of tests were performed on details for which the
greatest number of failures were observed, but for which there was little
or no fatigue data.

Four types of specimens were tested. These are local fatigue details
No. 21, 30A, 51, and 52. Details of the specimens are shown in Figs. F.1,
F.2 and F.3. A mild steel (yield 36 to 40 ksi) was chosen for the speci-
mens. Welding was done using the Shielded Metal Arc process and E7018
electrodes (see Fig. F.4). Weld size was selected on the basis of ABS
design rules. The weld passes were continuous in regions where fatigue
cracking was expected (wrapped around ends of bars).

The tests were conducted in 50k, 100k, and 600k hydraulic testing
machines. For ease of testing, a fixture similar to the specimen was used
to provide for loading as shown in Figs. F.1, F.2 and F.3. Specimens were
subjected to a stress cycle ranging from zero stress (small minimum stress
to keep the fixture tight) to a maximum stress.

Test results are presented in Tables F.1, F.2 and F.3. Stress calcu-
lations for Detail 21 are based on the section modulus of the nominal weld
throat area. Two S-N curves, one for details with 1/4"' weld and one for
3/8" weld, are shown in Fig. F.5. In the fracture photographs of Figs. F.6
and F.7, the fatigue crack propagation from the root of the weld can be
seen clearly. Figure F.8 shows the test setup for the specimen 21 detail.

Stress calculations for the detail 30A specimens were based on the
section modulus of the plate at the toe of the weld. Table F.2 presents the
test results for the 30A details. Two S-N curves are also shown for this
detail. One is for the life of the crack across the weld toe. The other
is for the crack across the full plate width (see Fig. F.9). Sketches of
the cracks can be seen in Fig. F.10. Figure F.11 shows the location of the
specimen 30A-2 fracture clearly, and Fig. F.12 shows the test setup.

The test setup for Detail 51 and 52 can be seen in Fig. F.13. The
first test specimen was loaded to buckling of the web and tearing of a
flangeweb weld (P = 143.8k). Figure F.14 shows the web failure and the
failure of welds in Detail 51 and the formation of shear lines on the web
of Detail 52. The remaining specimens were tested to the appearance of
a significant crack at Detail 51 (2-3 inches long), at which time this
detail was reinforced. The fatigue test was then continued until a signi-
ficant crack appeared at Detail 52. See Table F.3 for the test results.
The various locations of the fractures are shown in Table F.3. The S-N
curves for Details 51 and 52 are plotted as Load vs. Cycles to Failure
(see Fig. F.15). Curves of the corresponding average shear stress on the
net area of the web are also shown on the diagrams. It is evident from
this figure that Detail 52 has a greater fatigue load resistance than Detail
51. However, the average shear stress capacities are not greatly different.
Typical crack propagation in Detail 51 is shown in Fig. F.16.

Strain gages were used on Specimen 51-6 and 52-6 (see Fig. F.17).
This specimen was tested as follows. Strains were recorded except in
items (d), (f) and (h).
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(a) Load increased in Sk increments to 50k then reduced to 0k
(b Load increased in 5k increments to 75k then reduced to Ok

W c Load increased in 10k increments to 75k then reduced to 0k
d Specimen cycled from 5k to 75k to 1000 cycles

(e) Load increased in 10k increments to 75k then reduced to Ok
(f) Specimen cycled from 5k to 75k to 10,000 cycles
(g) Load increased in l~jk increments to 75k then reduced to Ok
(h Specimen cycled from 5k to 7kto 50,000 cycles
(i Load to 5k, 75k, and Ok

A typical high-strain gage for a rosette (Gage #2) shows the strain
behavior in the stages listed above (Fig. F.18). Figure F.19 shows the
principal stresses calculated at the rosette locations for loading to5k
and 75K, after 1,000 cycles of loading (stage e above). Figure F.20
shows a plot of "Load vs. Deflection" obtained from the dial gage data.
It is readily evident from these data that significant residual stresses
existed in the test members as fabricated, but that these stresses are
rapidly altered so that the material behaves in essentially an elastic
manner under the repeated loadings.
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1%'~ Di a. 1/4. Or /1103

Fig. F.1 Detail 21 and Testing Fixture,
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Detail 30A

TestingF ixture

28 x6"x 3/'_

A /i

3"

6"

I1 I, 9" 9"

Fig. F.2 Detail 30A and Testing Fixture,
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Detail 51
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Detail 52

Fig. F.3 Detail 51 and Detail 52.
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Fig. F.4 Welding of Detail 21, Specimen,

I'i

Fig. F.6 Fracture of Detail 21-5.
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TABLE F.1

Results of Fatigue Tests on Detail 21

Stress Cycle, ksi Load Cycle, kips Failure
Spec. No. min. max. min. max. Cycles to Failure Location

21-1 2.1 23.5 1.22 13.46 29000,000 1,2
2.1 44.9 1.22 25.72 2,800

21-2 2.1 34.3 1.24 19.88 209,500 1,2

21-3 2.1 33.-&- .24 19.87---210,720 1,2

21-4 1.1 17.9 1.25 19.93 954,150 1,2

21-5 1.2 18.9 1.26 20.16 2,815,910 1,2

21-6 1.2 26.2 1.27 27.22 5,150 1,2

Failure Locations

Notes:

1. Specimens 21-1, 21-2 and 21-3 were fabricated with 1/4" welds.

2. Specimens 21-4, 21-5 and 21-6 were fabricated with 3/8" welds.

t 3. 21-1 did not fall in 2,000,000 cycles at a 21.4 ksi stress range,
so the stress range was increased to 42.8 ksi and carried to
failure.

4. Stress calculations for Detail 21 are based on the section modulus
of the weld throat. Load calculations are based on the plate
section modulus.
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TABLE F.2

Results of Fatigue Tests on Detail 30A

Spec. Stress Cycle, ksi Load Cycle, kips Cycles to Failure
No. min. max. min. max. Failure Location

30A-1 1.9 28.7 0.25 3.69 665,770 See Fig. F.10

30A-2 2.0 21.0 0.25 2.70 1,986,660 See Fig. F.10

30A-3 2.0 40.0 0.25 5.08 190,360 See Fig. F.10

30A-4 2.0 26.0 0.26 3.34 722,070 See Fig. F.10

30A-5 2.0 44.0 0.26 5.62 133,420 See Fig. F.10

Stress calculations for Detail 30A are based on the section modulus of the
plate and moment for the section at the toe of the fillet weld.
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TABLE F.3

Results of Fatigue Tests on Details 51 & 52

Spec. Load, kips Cycles Crack Location Failure** Crack
No. ,,Location Length, in.

51-1 Static-143.8k --- (See Fig. F.14) ......

51-2 5k to 75k 202,350 1, 3, 7 3 3 19/32

51-3 5k to 50
k  1,007,100 1, 16 16 3 4/32

51-4 5k to 75k  203,110 1, 3 3 4 8/32

51-5 5k to 50k 910,510 1, 16 16 3 27/32

51-6 5k to 75k 241,800 1, 3, 7 3 8 24/32

k52-1 Static-143.8+ --- (See Fig. F.14) ---

52-2 5k to 75k 202,350 2, 4, 6, 12 18/32

52-3 5k to 50k 2,131,920 9, 10, 11 11 4 9/32

52-4 5k to 75k 500,750 2,4,6,14,15,18 14 4 23/32

52-5 5k to 50k 2,323,100 10, 11, 18 11 3 22/32

52-6 5k to 75k  461,510 2,6,10,11,18 11 5 20/32

Failure for Detail 51 and 52 was taken as a three-inch crack at the failure
location.

4, 14

Is 9 7-,

Detail 52 Detail 51
Crack Locations

* Detail 51-2 was not reinforced. Only short cracks existed in Detail 52-2
when test was discontinued.

** Crack 10 and crack 11 are essentailly the same crack. Crack 10 appears on
the bottom of the angle and crack 11 on the top. Crack 14 and 15 are also
this way.
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Fig. F.7 Fracture of Detail 21-6.

Fig. F.8 Detail 21 Test Setup.
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See Areas Sketched Below
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Specimen 30A-1

Side B
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Specimen 30A-2
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Specimen 30A-4

Side B

Specimen 30A-6

Fig. F.10 Failure Locations in 30A Specimens
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Fig- .11 Fracture of Detail 30A-2

Fig. 6.12 Detail 30A Testing Setup.

201



Fig. F.13 Detail 51 and 52, Testing in Progress

Fig. F.14 Detail 51 and 52-1, Static Test.
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Fig. F.16 Fatigue Crack in Detail 51.
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Dial Numbers Identify Strain Gages
Gage

I 51-ro 52-6

Fig. F.17 Strain Gage Locations, Specimen 51-6 and 52-6.
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(51) (52)

12.81T 12.19 Ta
12 1T 12.9T t

23.7 T 224-45C 21 .97C\ . F3C 8.Jl.5

TV 179023' 40*03' P
2.86T 77 TN 7  T j3. T

23.7 T 24.45C 5.83C 21.97C 12.55T

(a) Stresses at Strain Gage Locations for 50k Load (ksi)

(51) (52)

U $ 19.35 T 18.4T 4
19.35T I A T

36.97 2.65C 378C 33.32 C &.72C .s?92
3 6 s T 3 7 8 9 C 

1 7 9 , 2T8j \ 
.153T 

/504 179037' %4038' 31636. 3 65C 8.72C 33.32c 17.92T

(b) Stresses at Strain Gage Locations for 75k Load (ksi)

Fig. F.19 Stresses at Strain Gage Locations,
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Fig. F.20 Dial Gage Data for Specimen 51-6.
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